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Abstract
The structure o f  the quasi-parallel collisionless shock wave is stud ied  v ia  a num erica l sim ­
ulation  m od el. T h e  m odel is com pared  to observations and th eoretica l p red iction s and 
w ithin  its lim itations appears to  reprodu ce  the true shock structure reason ab ly  well. T hree 
electron  equations o f  state and their effects on  the sim ulation  are exam ined . It is found 
that on ly  the isotrop ic -a d iab atic  electron  equation  o f  state yields a cceptab le  results in the 
sim ulation  at high M ach  num bers. T h e  scale lengths o f  the shock are m easured , norm alized  
by the natural scale lengths o f  the p lasm a, and p lo tted  as a fu nction  o f  the A lfven  M ach 
num ber. It is found  that the w avelength o f  the u pstream  waves fo llow s that p red icted  for a 
phase standing  w histler quite w ell and  the scalelength  o f  the ju m p  in the m agnitude o f  the 
m a gnetic  fie ld  is generally  greater than , but approx im a te ly  equa l to this w avelength . For 
A lfven  M ach  num bers M a 2.5, waves are generated  in the dow n stream  region . T heir 
w avelength  and the scale length  o f  the p lasm a transition  are larger than  the natural scale 
lengths o f  the p lasm a. T h e  ion  heating is seen to  occu r  in  tw o  stages. In  the first stage 
w hich  o ccu rs  u pstrea m  o f  the principa l shock ram p , the heating  can  b e  characterized  by  a 
p o ly trop ic  pow er law  equ a tion  o f  state with an expon en t m uch greater than the isentropic- 
a d iab atic  rate  o f  7 =  5 /3 . T h e  second  stage o f  heating  w h ich  o ccu rs from  the principa l 
shock ram p to  the d ow nstream  region  is characterized  by an expon en t on  the order o f  the 
isen trop ic-a d iab atic  rate. T h e  results show that the ion  heating  o ccu rs m ain ly  around the 
p rin cip le  density  ju m p  near the center o f  the shock  transition  region , w hile the increase 
in en tropy  takes p lace m ainly in the upstream  side o f  the shock  transition  region . It is 
suggested  that the ion  heating  is a consequence o f  the n on -a d iab atic  scattering  o f  the ions 
th rough  the m a gnetic  field o f  the shock and its upstrea m  p recursor wave.
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Chapter 1. Introduction
T he study o f  collision less shock waves has been underway for over 25 years. These 
shock waves have p rov id ed  a variety o f  nonlinear phenom ena for study  w ithin  the discipline 
o f  space p lasm a physics. T h ey  are an integral part o f  p lanetary m a gnetospheres, com ets, 
solar flares, high speed stream ers, and coronal mass e jections. T h ey  prod u ce  a variety o f  
interactions w ithin  the m ed iu m  through  which they p ropa gate and  at the obstacles which 
they encounter. T h is in trod u ction  begins w ith som e ba ck ground  in form a tion  ab out the 
nature and d iscovery o f  collision less shock waves. Som e o f  the p roperties  o f  perpendicu lar 
and quasi-perpendicular shocks will be  presented and contrasted  w ith  the quasi-parallel 
shock , which is the top ic  o f  this study. Finally, a description  o f  the content o f  the rem ainder 
o f  this thesis will b e  given.
1.1 B a c k g r o u n d
O f  the three p rin cipa l M agn etoh ydrodyn a m ic  (M H D ) wave m od es , the fast (or  m ag- 
netoson ic , or w h istler), interm ediate (or A lfven ), and slow m odes (see C hapter 2.2 for a 
d iscussion  o f  the M H D  wave m od es ), b o th  the fast and slow m od es  can  b e  show n to  u n ­
d ergo nonlinear steepen ing (K an trow itz and Petschek, 1966). T h is  nonlinear steepening 
can  lead to  shock form a tion  as w ill b e  discussed in  the n ext chapter on  shock wave funda­
m entals. Fast m ode  shocks are the m ost com m on ly  observed ty p e  o f  M H D  shock . This is 
because the solar w ind  flow  is faster than the fast m od e  speed so the p lanetary b ow  shocks 
m ust be  fast m ode  shocks. T h e  slow m ode  shock is thought to  p lay  an  im portan t role in 
the recon n ection  process  (P etsch ek , 1964). T he existence o f  the slow  m od e  shock has not 
been  clearly established  either observationally  or theoretically. T h e  slow  m od e  shock will
1
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n ot be further discussed here, however the interested reader m ay refer to  Swift (1 9 8 3 b ), 
F eldm an et al. (1 9 8 4 a ,b ), H ada and K ennel (19 85 ), W inske et al. (1 9 8 5 ), E dm iston  and 
K ennel (1 9 8 6 ), and W olfson  (1987) for recent studies.
T h e  ex istence o f  collisionless shock waves had been  hypoth esized  som e tim e before 
their actual d iscovery. It had been  specu lated  that a standing bow  wave should exist ahead 
o f  the m agnetopau se  (Z higulev , 1959; A x fo rd , 1962; K ellog, 1962) and that shock waves 
shou ld  appear in the interplanetary m ed ium  (Parker, 1961). T h e  study o f collisionless 
p lasm a shocks had  its m a jor  im petus w ith  the first satellite observations in the early 1960 ’s 
w hen the E a rth ’s bow  shock was d iscovered  (Freem an, 1964; Ness et al., 1964). Since 
la boratory  experim ents could  not p rod u ce  a collision-free plasm a o f  sufficient dim ensions 
in w hich  to  generate a shock wave these satellite observations m otiva ted  the study  o f  
collision less shocks in a m agnetized p lasm a. T he on ly  work done on  them  prior to  this 
tim e consisted  o f  theoretica l con jecture, no experim ental p ro o f  ex isted .
Sonnett and A bram s (19 63 ) observed  w hat they believed  to  b e  shock like features in 
m a gnetic  field m easurem ents from  E xplorer 1. Freem an (19 64 ) reported  heating o f  the 
electron  d istr ibu tion  at the bow  shock as observed  by E xplorer 12. Ness et al. (19 64 ) iden ­
tified the b ow  shock  as a collisionless m a gnetohydrodyn am ic  shock from  IM P -1 m agnetic  
field m easurem ents. As observations continued  there was m uch w ork done on  classification  
o f  the large variety o f  shock structures. T h e  International Sim  E arth  E xplorer (IS E E ) 
satellite  p rogram  w hich  began  in 1978 has yielded  h igh  resolu tion , m ulti-spacecra ft data 
ab ou t b o th  the E a rth ’s bow  shock and in terp lanetary shocks. O ther spacecraft m issions 
have also p rob ed  in terp lanetary shocks as well as the b ow  shocks o f  the other planets.
2
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31.2 Classification o f Shock Structures
T h e various collision less shock  waves can  b e  classified by  three prin cipa l param eters. 
T h e y  are: the A lfv en  M ach  num ber ( M a ) , the ratio  o f  k inetic to  m agnetic  pressures ((3, 
a lso  know n  as the p la sm a b e ta ) , and the angle betw een  the m agnetic  field  and  the shock 
n orm al (6 Bn)- T h ese  param eters determ ine the gross, m a croscop ic  characteristics o f  a 
sh ock . O ther param eters , such as the ion  to  e lectron  pressure ratio , pressure an isotrop ies, 
re la tive  abundance o f  ion  species, e tc ., m ay also b e  o f  im portan ce  in determ in ing  the 
m icrostru cture  and  d issipation  processes o f  a shock .
T h e  solar w in d  p lasm a w hich  constitu tes  the interp lanetary m ed iu m  is p rin cipa lly  
an e le c tron -p ro ton  p la sm a w ith  usually less than  5%  helium  nuclei and trace am ounts o f  
heavier elem ents. T h e  e lectron  and ion p op u lation s can  have a m u lti-com p on ent character 
(i.e . coun terstream in g  b ea m s). T he A lfv en  M ach  num ber and p lasm a b e ta  in  the Solar 
W in d  can  vary over a w ide range, 0.01 <  /3 <  100 and 1.2 <  M A <  20 (F orm isano, 1977). 
T y p ic a l values are 0.1 <  0  <  5 and 2 <  M A <  10 . L ow  /3, low  M A shocks tend  to  b e  
lam inar. A s either f3 or  M A increases, the structure tends to  be  m ore turbu lent. H ow ever, 
these changes are n ot entirely in dependent o f  6 B n-
T h e  shock n orm a l angle $Bn can vary from  0° to  90 °. It does n ot range b e y o n d  90° 
b ecau se  the shock structure is sym m etric  w ith  respect to  reversal o f  the m a gnetic  field  
d ire ction . D epen d in g  on  6 s n , shock  waves have b een  d iv id ed  in to tw o categories w ith  very 
d ifferent characteristics. T hese categories are usually referred  to  as quasi-parallel shocks 
(0B n £  4 5 °)  and  qu a si-perpen d icu lar  shocks (d Sn Z  4 5 ° ) . T h e  qu asi-perpendicu lar shock 
ex h ib its  a very c lean , w ell defined  structure on  the ion  inertial a n d /o r  gyro -rad iu s scales. 
T h e  p h ysica l m echan ism s in vo lved  are fa irly  well u n d erstood  (K ennel et al., 1985; S cudder 
e t al., 19 86 a ,b ,c ) an d  w ill be  descr ib ed  briefly .
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T h e structure o f  the qu a si-perpen d icular shock  changes dep en d in g  on  w hether the 
shock  is su b -critica l or super-critica l. T his critica l M ach  num ber is the one at w h ich  resis­
tiv ity  can  n o  longer p rov id e  the required  d issipa tion  needed  to  satisfy  the R an k in e-H u gon iot 
cond ition s (K a n trow itz  and Petschek, 1966). S u b -critica l shocks can  b e  further d iv id ed  into 
dispersive, resistive, or perhaps a com bin a tion  o f  the tw o. For nearly  perpen d icu lar  shocks 
the field  gradients are steep and large currents excite  e le ctrosta tic  instabilities to  p rov ide 
an anom alous resistiv ity  on  a d istance scale o f  the e lectron  inertial length  (c /a ;,* ,). A t 
m ore  ob liqu e  angles, p lasm a d ispersion  produ ces a shock  structure characteristic  o f  a  large 
am plitu de  dam p ed  w histler wave (G reen sta d t and Fredericks, 1979; G reenstadt et al.,
1984).
A b o v e  the critica l M ach  num ber ion  re flection  beg in s to  p rod u ce  add ition a l features 
in the shock  structure. T hese reflected  ions p rod u ce  a “ f o o t ” in the m a gnetic  field  that 
extends a b ou t tw ice the ion stream ing gyro-rad ius (p ,  =  V,/Cli w here V„ is the stream ing 
ve loc ity  and Q j is the ion  g y ro -freq u ency ) ahead o f  the m ain  ram p . O n ce  tran sm itted  
they p rod u ce  an osc illa tin g  structure in the density  and m a gnetic  field  that scales w ith  the 
dow n stream  gyro -rad iu s. T h e  thickness o f  the m ain  ra m p , as ba sed  u p on  the m a gnetic  
field , density , and v e loc ity  profiles , is p rop or tion a l to  the ion  inertia l len gth  (c/u)pi).
O n  the other h an d , the quasi-parallel sh ock  has a very b roa d  structure that extends 
w ell b ey on d  the scale lengths o f  the qua si-perpen d icu lar  shock . C hanges in  the flow  p rop ­
erties o f  the quasi-parallel shock usually  o ccu r  over len g th  scales an  OTder o f  m a gnitu de  
greater them the ab ove  m en tion ed  ion  scales. T h is  is accom p a n ied  b y  an upstrea m  wave 
train and perhaps turbu lence upstrea m  and d ow n stream  that can  ex ten d  to  distances o f  
tw o or three orders o f  m agnitude greater than the ion  scale  lengths. P art o f  the reason  for 
this cha ra cteristic  o f  quasi-parallel shocks is that the g eom etry  allows greater access o f  the 
shock ed  particles  to the u pstream  region . In the lim it o f  the p erp en d icu lar  shock a partic le  
can  on ly  reach to  the stream ing gyro -d ia m eter  u pstrea m  o f  the shock . B ack -stream in g
4
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particles from  the quasi-paralle l shock  can  generate waves w h ich  add  to the chaos o f  the 
shock structure. T h e  com p lica ted  structure o f  the quasi-parallel sh ock  has m a de  it d ifficu lt 
to  determ ine the p h ysica l processes w hich  underlie it. R ecen t review s o f  the quasi-parallel 
collision less shock  m ay be  fou n d  in G reenstadt (1 9 8 5 ), K en n el (1 9 8 5 ), and  Q uest (19 85 ).
1.3 This W ork
Th is w ork is a stu d y  o f  som e o f  the u nsolved  p rob lem s o f  the quasi-paralle l collision less 
shock wave. T h e  m ain  too l used for  this study  is a n um erica l s im ula tion  m od e l. In  brief, 
the sim ulation  m o d e l is a one an d  tw o  halves d im ensiona l, D a rw in ian  h ybrid  c od e  w hich  
uses a p artic le  in ce ll a lgorith m . T h a t is, it in cludes one spatia l and  all th ree v e loc ity  
com ponen ts. T h e  d isp lacem ent current is n eg lected  in  M a xw e ll’ s equ a tion s. T h e  ions are 
treated  as discrete  particles  w hile the e lectrons are treated  as a m assless flu id  o f  finite 
pressure. T hus, the m o d e l assum es a p lanar geom etry , h igh  freq u ency  rad ia tion  (u/ uipe 
where u)pe is the e le c tron  p la sm a freq u ency) is neg lected , and the ion  dyn am ics are retained  
w hile the e lectrons are assum ed to  b e  inertialess (m e =  0). A  m ore  com p le te  descr ip tion  
o f  the a lgorith m  is given  in A p p en d ix  A .
First, the fu nda m en ta l con cep ts  concern in g  sh ock  waves are in trod u ced  in  C h apter  2. 
This chapter begins w ith  defin itions perta in in g  to  shock  waves and  the conservation  (or  
R a n k in e-H u gon iot) equ a tion s for  h yd rod yn a m ic  d iscontinu ities. T h en  non linear steepen ­
ing o f  ord in ary  sou n d  waves and  the effects o f  d ispersion  an d  d issipa tion  are d iscussed. 
T h e  second  section  o f  C h ap ter  2 in trodu ces the three ba sic  M H D  wave m od es and  d is­
cusses the m od ifica tion s  o f  the sh ock  wave in  a m a gnetized  con d u ctin g  flu id. Som e o f  the 
characteristics o f  the M H D  m od es and  their  correspon d in g  shock s are also descr ib ed .
In  C h apter  3 som e shock  observations m ade b y  satellites are in corp ora ted  in to  the 
sim ulation  study. In the first section , an a ttem pt is m a de  to  m o d e l three specific  cases
5
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o f  sa tellite observation s and com p are  the s im ulation  results w ith  those observations. In 
the second  section  som e o f  the difficu lties in interpreting the observation s are discussed. 
In  particu lar, the D op p ler  shift and how  it relates to  d ifferences betw een  the observed  
and sim ulated results is addressed. A  system atic  d iscrepa ncy  in  the w avelength  o f  the 
upstrea m  p recursor waves m easured  by  the satellites, p red icted  b y  linear co ld  p lasm a 
dispersion  theory, an d  seen in the sim ulation  is n oted . It is sh ow n  that this d iscrepancy  
m ay be exp la ined  b y  a  sim ple geom etr ic  effect in the assum ptions o f  the observed  shocks, 
the th eoretica l p red ict ion , and  the sim ulation  m odel.
C h apter  4 discusses the effects o f  three different electron  equ a tion s o f  state and  the 
resulting e lectrostatic  fields w ith in  the sim ulation . S olutions o f  the R an k ine-H ugon iot 
equations are used  to  calcu late the exp ected  poten tia l ju m p  as a fu nction  o f  M ach  num ber 
and shock  norm al angle  9 Bn- T h e  effects o f  using these equations o f  sta te  in the s im ulation  
m od e l are also discussed .
C h apter  5 contains the results o f  a study  o f  the scalelengths o f  the quasi-parallel 
collision less shock w ave as a fu nction  o f  the A lfven  M ach  n um ber. T o  b e  exam ined Eire 
the wavelengths o f  the upstrea m  and dow nstream  waves, the w id th  o f  the m a gnetic  field 
ju m p , the w id th  o f  the density ju m p , and  the w idth  o f  the ju m p  in  the n orm al ve loc ity  
com p on en t. These scale lengths are exam in ed  for a num ber o f  9Bn =  10 °, 0  =  0.5 shocks. 
T h e y  are also com p ared  to  the fu nda m en tal scale lengths o f  the p la sm a, the ion  inertial 
len gth  and the various gyro-rad ii.
In  C h apter  6 the characteristics o f  the ion  heating as seen in the sim ulation  are pre­
sented. F irst, ex isting  ion  heating  theories are sum m arized . T h en  a general d escrip tion  o f  
the shock  features is given  fo llow ed  b y  a m ore  deta iled  exam in ation  o f  three representa­
tive cases. It w ill b e  dem on strated  that m ost o f  the ion  h eatin g  can  b e  accoun ted  for by  
d iscrete  la rm or radius effects as the in com in g  ions en cou n ter the u p strea m  p recursor wave 
fields and the ju m p  in  the m a gnetic  field  m agnitude. It is seen that m icroinstab ilities are
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n ot requ ired  for d issipation  at the shock . H ow ever, the cond ition s o f  the shock  tend to  be 
un stab le  to  stream ing instabilities w h ich  m ay accoun t for o th er wave structures associa ted  
w ith  the shock .
C hapter 7 sum m arizes the p rin cipa l results o f  this thesis. A p p e n d ix  A  contains a 
descr ip tion  o f  the algorithm  u p on  w h ich  the s im ulation  is ba sed . A p p e n d ix  B has a d iscus­
sion  o f  en tropy  relevant to  the m a teria l o f  C hapters 4 and  5. In A p p e n d ix  C a d iscussion  
o f  the in teraction  o f  particles w ith  various m agnetic  field con figurations is considered . T he 
m a gnetic  field configurations range fro m  an exact d iscontinu ity  to  id ea lized  m odels  o f  the 
true shock w ave structure (as seen in  the sim ulation ).
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Chapter 2. Fundamentals of Shock Waves
In this chapter I shall present a developm ent o f  the basic concepts  relating to  shock 
waves. T h e  first section  will discuss shock waves from  the perspective o f  sim ple h y d ro d y ­
nam ics. T h e  second  section  will in trodu ce the variations o f  the sim ple gasdynam ic shock 
due to  the presence o f  a m agnetic  field  w ithin  a con d u ctin g  m edium .
2.1 Gasdynamic Shocks
A  h yd rod yn a m ic  (gasd yn am ic) d iscontinuity , o f  which shocks are a specia l case, is a 
surface in a flow field across w hich various p roperties  o f  the fluid change discontinuously  
(from  a m a croscop ic  v iew point). Shocks are characterized  by  flow  th rough  the surface 
w hich is accom p an ied  by changes in the fluid velocity , density, tem perature, pressure, and 
en tropy. T h e  ve loc ity  decreases across the shock in the d irection  o f  the flow  w hile the other 
quantities such as density, pressure, and en tropy  increase. O f  course, the surface is n ot a 
true d iscontinuity . H owever, for the shocks to  be considered  in this cha pter, the thickness 
o f  the surface is sm all com pared  to  som e appropria te  m a croscop ic  dim ensions o f  the system  
in w h ich  it occu rs. So the shock can  be considered  a true discontinu ity  for the p u rpose  o f  
ob ta in in g  the physical relationships betw een quantities on  b o th  sides o f  the shock .
Shocks are physical phenom ena which m ust ob ey  the conservation  laws o f  m ass, m o ­
m en tu m  and energy. T hese laws and an equation  o f  state prov ide the relationsh ips betw een 
flu id p roperties  on  b o th  sides o f  the shock. T h e  equations form  a fou rth  degree p o ly n o ­
m ial w ith four possib ly  distinct roots . H ow ever, there are other constraints that m ust be  
satisfied for a physical shock to  ex ist. T h e  en tropy  m ust increase across the shock . A lso , 
the fluid v e loc ity  in front o f  the shock is ‘su p erson ic ,’ while beh ind  it is ‘ su bson ic .’ Here
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‘ su p erson ic ’ and  ‘ su b so n ic ’ refer to  faster and  slow er th an  the p rop a gation  speed  o f  the 
ap p rop ria te  w ave m o d e  in  the m edium .
T h e  conservation  equations as app lied  to a stea dy  state d iscontinuity , o ften  referred  
to  as the R a n k in e-H u gon iot equ a tion s, are given  in  m a ny standard  texts  (e . g. B o y d  and 
S anderson , p . 117, 1969): conservation  o f  m ass (o r  the continuity  eq u a tion );
In  the ab ove  equ a tion s p  is the density, v is the flu id  ve loc ity , P  is the pressure, 7  is 
the ra tio  o f  specific  h eats , and  n  is the un it v e cto r  in  the shock n orm a l d irection . T he 
square brackets [ ] represent the change in the en closed  qu a n tity  betw een the u pstrea m  and 
d ow n stream  states . Solv ing  th is system  o f  equ a tion s relates the d ow nstream  quantities to 
th ose  u p strea m . T h ese  relationsh ips are in depen den t o f  the d issipation  processes occu rr in g  
w ith in  the sh ock  tran sition  layer.
T h e  s teep en in g  o f  an ord in ary  sou n d  wave to  fo rm  a sh ock  m ay b e  seen b y  exam in ing  
a pressure pulse  a n d  the eq u a tion  for the sou n d  sp eed . T h e  sound speed  in  a gas is g iven
by
\pv • n] =  0 (2.1)
conservation  o f  m om en tu m  (o r  the m om en tu m  e q u a tion );
[p v{v  ■ n )  +  h P ]  =  0 (2.2)
and conservation  o f  energy  (or  the energy e q u a tion );
(2 .3 ).
(2 .4 ).
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A s lon g  as d iscontinu ities  do not yet ex ist the com pression  is ad iab atic  (L an da u  and Lif- 
sh itz, p . 366, 1958). So we m ay write the sound  speed  using the ad iab atic  pow er law 
( P / p 7 =  c o n s t .)  fo r  an equ a tion  o f  state as
O ne can  see from  this that the lo ca l sound speed  at any p o in t on  the pulse varies w ith  the 
density. I f  we resolve the pulse as a succession  o f  sm all steps then each step propagates 
at the lo ca l sou n d  speed . Thus as the pulse evolves, the com pression a l part o f  the pulse 
(lead in g  ed ge) w ill ten d  to  steepen  and the rare fa ction a l part (tra ilin g  ed ge) w ill spread 
becau se  the sou n d  speed  is higher in the h igher density region . T h is  nonlinear steepening 
is d em on strated  in F igure 2.1 which shows the evo lu tion  o f  a right traveling pulse in a 
fram e m ov in g  at the sou n d  speed  o f  the ba ck grou n d  gas.
A t an early  tim e in  the nonlinear steepen ing  p rocess , w hen gradients in the m om ents 
o f  the gas (such  as the density  and v e loc ity ) are sm all, there is noth in g  to  inh ib it the steep­
ening. W h en  the gradients becom e  large en ou gh , som e fo rm  o f  d issipa tion  or d ispersion  
beg in s to  o ccu r . E ven tu ally  a ba lance is reached  betw een  the nonlinear steepen ing  process 
and  the d issipa tion  a n d /o r  d ispersion . A  d issipa tion  p rocess  is usually  considered  to  be 
any process w h ereby  orga n ized  energy (such  as bu lk  flow  en ergy) is tran sform ed  in to  ther­
m a l energy w ith  a resulting increase in  entropy. D ispersion  can  reduce flow  energy in  two 
w ays. It can  p rop a ga te  energy away from  a d iscon tin u ity  as wave energy. D ispersion  can 
also  determ ine the scale size and  other p rop erties  o f  the d iscontinu ity  w h ich  w ill refract 
the flow  as the flow  passes th rough  the discontinu ity .
C onsider a genera l dispersion  relation  exp a n d ed  in the wave num ber  k (lon g  wave­
len gth  lim it)
(2 .5 ).
=  vphk  -(- f i k 2 +  a k 3 +  • • • (2.6)
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F i g u r e  2 .1  D em on stra t ion  o f  the n on -lin ear  steep en in g  p rocess  
fo r  a sou n d  pu lse. E ach  p o rt io n  o f  the pu lse  p rop a g a tes  at the lo c a l 
sou n d  sp eed  as sh ow n  in  a) w here C so  <  C s i  <  C s 2 >  C 53 >  C 5 0 . 
T h e  sou n d  sp eed  varies a lon g  the pu lse  w h ich  lea ds to  s teep en in g  o f  
the lea d in g  edge  as show n  in  b ) . T h e  pu lse  p rop a g a tes  to  the righ t.
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I f  w e in terpret w as resulting from  a tim e derivative ( - i d t ) and k as resulting from  a space 
derivative (td x ) then  for a plane wave solu tion  we get (N icho lson , p . 171, 1983)
dv dv . d2v d3v
T h e im aginary  term  i^ d \ v  represents a viscous d issipation  and  a d lv  is the d ispersive term .
In  a collisiona l gas the d issipation  o f  the ordered  flow energy is th rough  ordinary  C ou lom b 
collisions w hich  lim it steepening to scales on  the order o f  the m ean free path .
I f  we calcu late the grou p  ve loc ity  from  the d ispersion  relation  ab ove  we get (n eglecting  
v iscos ity )
d u  ,
v g =  =  vph +  3a k  ( 2 .8 ).
A s lon g  as the wave is not experiencing strong ab sorption  the speed  at w hich  the wave 
energy propagates is equa l to  the group  velocity  (B rillou in , 1960). E qu a tion  (2 .8 )  shows 
th at the speed  o f  energy  propa gation  for the d isturbance is dependent on  k and greater than 
or less than  the phase ve loc ity  depending  on  the sign o f  a .  D ispersion  relations for the three 
p oss ib le  cases are show n in F igure 2.2a. For a steep pulse a Fourier decom p os ition  shows 
that the larger k com ponen ts have greater am plitudes. W h en  sufficiently  h igh k m odes 
are ex ited  they m a y  either p ropa gate  upstream  o f  the pulse or be con vec ted  dow nstream , 
carry in g  energy  aw ay fro m  the pulse in either case. I f  a  is pos itive  then  standing waves 
m ay fo rm  ahead  o f  the shock becau se  the group  velocity  increases w ith  ib. I f  a  is negative 
then  a trailing wave train  m ay form . W h en  a  =  0 no wave trains are exp ected . Figure 
2 .2b  shows the relationsh ips betw een  the dispersion  relations and shock  structures.
I f  we use the convective  tim e derivative in the above equ a tion  then n eglecting  viscosity  
we get the K ortw eg-deV ries  equation  (e . g. N icholson  p . 171, 1983) 
d v  dv d3v
~ d t+ V d i ~ a d ^ =  ( 2 ,9 ) ‘
12
R e p ro d u ce d  with p e rm issio n  of the copyright owner. Fu rthe r repro du ction prohibited without perm ission .
13
k
F i g u r e  2 .2  a) T h e  three classes o f  d ispersion  and b )  the sh ock  
s tru ctu res  ch a ra cteris tic  o f  the tw o  tru ly  ‘ d isp ers iv e ’ cases (a  ^  0 ). 
A  lea d in g  or tra ilin g  w a vetra in  results fro m  h av ing  p os itiv e  (a  >  0) 
or  n egative  ( a  <  0 ) d isp ersion  respective ly .
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T h is gives us so liton  solu tions (T id m a n  and K ra ll, p. 20 , 1971). A  so liton  is a solitary 
wave structure that retains its shape as it p ropa gates . It is fo rm ed  through  a ba la n cin g  o f  
the non lin ear  steepen in g  w ith  dispersion . Shock solutions are ob ta in ed  w ith  the inclusion  
o f  v iscosity  in the equ a tion  (T id m a n  and K rall, p . 29, 1971).
A  sh ock  is fo rm ed  w hen d issipation  b ecom es adequate to  convert the u pstrea m  flow 
energy to  internal energy in the dow n stream  flu id  (w ith  or w ithou t dispersion  w h ich  can 
tran sp ort energy aw ay fro m  the sh ock ). T h a t is, the flu id  is d ecelera ted  at the sh ock  and 
its u pstrea m  coherent stream ing energy  is partia lly  converted  to  ra n d om  therm al m otion s 
dow n stream . I f  m any d issipation  processes are possib le  then  w hichever has the longest scale 
len g th  w ill b e  the d om in a nt one. T h e  scale lengths for the v iscous and d ispersive effects 
can  b e  determ in ed  b y  in c lu d in g  v iscosity  in the K ortw eg-deV ries  equ a tion  an d  assum ing a
s tea dy  sta te  so lu tion  (d t — 0 in the wave fram e) leading to
dv  d 2v d3v ,
vei = - ,,» * +aos <2 'l0 >'
O ne can  estim a te  the scale lengths from  this equ a tion  i f  we approx im a te the derivatives 
b y  dx =  1 /L , d\ =  1 j  L l , etc . C onsidering  each term  on  the right side separately , we see 
that the v iscou s scale len gth  is — fi/ v  and the d ispersive scale len gth  is L a =  a / v . 
I f  the tw o  are com p arab le  then  b o th  m ay affect the shock structure.
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2.2 M agnetohydrodynam ic Shocks
A  flu id  w ith  n on -z ero  electrica l con d u ctiv ity  and im b ed d ed  electric and m agnetic  
fields is m u ch  m ore com p lica ted  than the ord in ary  gas d iscussed  in the last section . T he 
e lectrom a gn etic  m om en tu m  and energy  fluxes m ust also b e  considered  in the conservation  
law s. M a xw e ll’ s equations governing the e lectric  and m a gnetic  fields con trib u te  to  the
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dyn am ics o f  the system . In a d d ition , due to  the presence o f  currents, resistiv ity  becom es  
an other p ossib le  d issipa tion  process.
Let us first exam ine the properties o f  sm all am plitu de  d isturbances in a u n iform  
p lasm a. In  the id ea l M H D  lim it (i.e . in fin ite con d u ctiv ity )  and assum ing zero v iscosity  
an d  th erm al con d u ctiv ity , the equations for conservation  o f  m ass and  m om en tu m  are ( e . g. 
L andau  and L ifsh itz , p . 218, 1960)
^  +  V  • (p v )  =  0 (2 .1 1 )
and
P ^ ~  +  p ( v -  V )t f  =  - V P  +  - L ( V  x  B )  x  B  ( 2 .1 2 ).
For sm all d istu rba n ces the en tropy  is constant and an equ a tion  o f  sta te  m ay b e  used in 
p la ce  o f  the energy  equ a tion  (K an trow itz and Petschek , p . 153, 1966). T h e  ad iab atic  pow er 
law  e q u a tion  o f  state is
P
—  =  c on s t.
P7
F rom  M a xw e ll’ s equ a tion s we have
V  • B  =  0 and V  x  (v  x  B )  =  0 (2 .1 3 )
w h ich  express the d ivergence free nature o f  the m a gnetic  field  an d  the contin uity  o f  the 
ta ngen tia l e lectric  field . H ere we have m a de  use o f  the idea l M H D  assum ption  that the 
e le c trom a gn etic  fo rce  on  the flu id vanishes {E  +  - v  x  B  =  0 ).
I f  these equ a tion s are linearized for perturba tion s in  B , P ,  p , and  v , then  assum ing 
plane wave so lu tion s ( e ' ( k £ ~wt^) we ob ta in  from  these equations the dispersion  relation  w ith  
fou r  poss ib le  so lu tion s. O f these solutions the three correspon d in g  to  p rop a gatin g  m odes 
are ca lled  the fast, in term ediate, and slow  m od es b ecau se  o f  their relative p rop a gation
15
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speeds. In term s o f  the phase velocities ( C p ,  C j ,  and  C $ l  re spec tiv e ly ) they  are (e . g. 
K ennel, 1985)
C j  =  C \  c o s2 9 (2 .1 4a )
}  =  \  { ( C ^ +  ±  [ {C 2a  +  C l ) 2 -  4 C i d  cos2 9} * }  (2 .1 4 b , c)
where C a  =  B  j^ A -xp  is the A lfven  speed , C s  — y j is the ord in ary  sound speed , and  9 
is the angle betw een  the propa gation  vector  k and  the am bient m a gnetic  field . It m ay  b e  
seen from  the ab ove  equations that C s i  <  C /  <  C p  and for  9 — 90 °, C s l  — C j =  0 (see 
F igure 2 .3).
I f  w e exam ine the p ertu rb ed  quantities in the linearized  equ a tion s for these d ispersion  
relations it can  b e  show n that fast and slow  com pression a l waves can  steepen  to  fo rm  
shocks. Interm ed ia te waves, as well as fast and slow  rarefa ction s, d o  n ot steepen  to  form  
shocks (K a n trow itz  and  Petschek, 1966). T h is is m ost easily  exp la in ed  in term s o f  the effect 
o f  the wave on  the lo c a l p rop a gation  speed  as was done in the section  on  gasdyna m ic shocks. 
For a com pression  the fast and slow speeds increase w hile for a rare fa ction  they decrease. 
T h e  in term ed iate  wave does n ot affect the lo c a l p rop a gation  velocity . T h e  prop a gation  
characteristics o f  the three M H D  m odes are readily  seen in  a Friedrichs diagram . F igure
2.3 has Friedrichs diagram s p lo tted  for different values o f  0  (o r  equivalen tly  C \ / C \ ),  w hich  
show  the p rop a ga tion  speed  as a fu nction  o f  9kB for  all three m od es .
T h e  in term ed iate wave is characterized  b y  a r o ta tio n  o f  the tangentia l m a gnetic  field  
and ve locity . Pressure and  density  are u nchanged  in th is m o d e . F or the fast and slow  
waves the m a gnetic  field and velocity  changes lie in  the p lane defined  b y  the m a gnetic  field  
ahead o f  the w ave an d  the w ave norm al. T h is  is referred to  as the cop lan arity  p roperty . 
T h e  m a gnetic  field m agnitude and density p erturba tion s are in  phase for the fast m od e  
and ou t o f  phase fo r  the slow m ode . In  the slow wave the sum  o f  m a gnetic  and  p la sm a 
pressures ( B 2/4 x  +  P )  rem ains constant.
16
R e p ro d u ce d  with p e rm issio n  of the copyright owner. Fu rthe r repro du ction prohibited without p erm ission .
17
F R I E D R I C H S  DIAG RAMS
II B0
CS2/C a2 * Z
1B0
1B0
F i g u r e  2 .3  M H D  F riedrichs d ia gra m s. T h e  Friedrichs d ia gra m  
d isp la ys the d ep en d en ce  o f  the 3 M H D  p lane w ave speeds (ra d ia l 
c o o rd in a te )  on  th e ir  angle o f  p rop a g a tion  to  the m a gnetic  fie ld  (a n ­
g u lar c o o rd in a te )  in  a p o la r  p lot w hose vertica l axis is parallel to  the 
m a g n e t ic  fie ld . F our cases are show n , w ith  C | / C \  =  ~ and  ~ in  the 
le ft -h a n d  co lu m n  an d  C 2S/C \  =  1 an d  2 in  the righ t. T h e  fast and  
slow  w aves are in d ica ted  b y  solid  lines and  the in term ed iate  wave 
by  a d ash ed  lin e . T h e  m a gn etoson ic  w ave p r o p agates p e rpen d icu la r  
the the m a g n et ic  fie ld  w ith  the speed  C m  =  y/C\  +  C \ .  For p aral­
lel p ro p a g a tio n , the fast and  in term ed iate  speeds equ a l the A lfven  
sp eed  w h en  C \ jC \  <  1 , w h ile  the slow  an d  in term ed iate  speeds 
equ a l the A lfv en  speed  w hen  C \ / C \  >  1. W h e n  C 2S/ C \  =  1 , all 
th ree speeds are equa l. T h is  figure is taken  fro m  K en n el (1 9 8 5 ).
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W h en  a fast o r  slow wave steepens to  form  a shock the en tropy  is n o  longer constant 
across the shock and  the ad iab atic  equ a tion  o f  state is invalid. T h e  shock  ju m p  cond ition s 
are ob ta in ed  from  the conservation  equations for m ass, m om en tu m , and energy  along w ith  
M a x w e ll’s equations. A ga in  in the idea l M H D  lim it, they are respective ly  (B o y d  and 
Sanderson , p . 117, 1969):
ju m p  cond ition s g iven  earlier. T h e  fast and slow m ode  shocks exh ib it the sam e charac­
teristics as their respective  linear waves. T h a t is, at least qua lita tively , the relationsh ips 
b etw een  changes in  density, pressure, velocity , and m agnetic  field  for the linear waves also 
h o ld  for  shocks (K an trow itz  and  P etschek, p. 175, 1966).
T h e  ju m p  cond ition s prov ide  som e add itional p roperties o f  an M H D  shock . In the 
lim it o f  h igh  M ach  num ber, the density  and transverse (to  the shock  n orm al) m agnetic  
fie ld  com pression  ratios  (p 2/p i  and B t2/ B n ) approach  4. In  F igures 2.4 and 2.5 the 
density  and m a gnetic  field ju m p s  are p lo tte d  as surfaces in the ( M a ,  9 B n) p aram eter space 
as ca lcu lated  from  th e  R an k in e-H u gon iot equations for an u pstrea m  b e ta  value o f  f3 =  0.5. 
T h e  change in the n orm al ve lo c ity  com p onen t across the shock is the inverse o f  the density  
ju m p . T h e  ratio  o f  dow n stream  internal energy to  upstream  flow  energy approaches 1 5 /1 6 . 
T h e  ra tio  o f  the n orm al ve loc ity  com p onen ts is the inverse o f  the den sity  com pression  ratio .
{'pv ■ n] =  0 (2 .1 5 )
(2 .1 6 )
(2 .1 7 )
In  th is form at the relevant M a x w e ll’ s equations are
(2 .1 8 ).
N ote  that for 5  =  0 these redu ce  to  the ordinary h yd rod yn a m ic  (o r  R an k in e-H u gon iot)
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Density Jump 
(3 =  0.5
F i g u r e  2 .4  D ensity  ju m p  (p3/ P l ) as a fu nction  o f  M A and 9Bn 
for  p  -  0 .5 . V alues are ob ta in ed  from  so lu tion s to  the R an k in e- 
H u gon io t equations.
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Magnetic Field Jump 
(3 =  0.5
F i g u r e  2 .5  M a gn etic  field  ju m p  { B 2/ B i )  as a fu n ction  o f  M A 
and  9Bn  for  0  =  0 .5 . V alues are ob ta in ed  fro m  so lu tion s  to  the 
R a n k in e -H u g on io t equations.
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F rom  the linear wave d ispersion  relations it is fou n d  that the steepen ing  o f  slow  waves is 
in h ib ited  for h igh  j3 and on ly  fast shocks can  prop a gate  p erp en d icu lar  to the m agnetic  
field .
T h e  regions o f  p ossib le  ve loc ity  transitions across the shocks are la be led  on  the upper 
left hand  F riedrichs d iagram  show n in F igure 2.3. For the fast shock the u pstrea m  speed 
m ust lie in region  I and the dow nstream  speed  m ust b e  in  region  II. For the slow  shock 
the transition  m ust b e  betw een  regions III  (u pstrea m ) and  IV  (d ow n strea m ). Solutions 
o f  the conservation  equations y ield ing other ve lo c ity  transitions d o  ex ist. C oron iti (1970) 
perfo rm ed  a pertu rb a tion  analysis o f  the shock  solu tions an d  fou n d  th at all b u t  the above 
m en tion ed  transitions were unstable. H e exam in ed  the h yd rom a gn etic  equ a tion s w ith 
d issipa tion  in c lu d in g  resistivity  and M axw ell’ s equations (e . g. L andau  and L ifs liitz , 1960) 
fo r  stability . A  stable  shock solution  requires that the u p strea m  (d ow n strea m ) p lasm a b e  
u n stab le  (s ta b le )  t o  an arbitrary sm all p erturba tion . T h e  unstab le  transitions Eire term ed 
n on -evo lu tion a ry  (A n d erson , 1963).
T h e  s tru ctu re o f  the shock transition  region  will be  determ in ed  b y  the d issipative and 
d ispersive p rocesses that are occu rr in g  w ith in  it. For a v iscou s sh ock  in  a collis ion a l gas, 
ord in ary  collisions p rod u ce  the m om en tu m  transfer that decelerates the flow . H ow ever, 
m ost space p lasm as are v irtually  collision less since the m ea n  free p ath  is very  lon g  in  
com p arison  to  all o th er  scale lengths. Instead , an anom alous ‘ v iscou s ’ d issipation  process 
is p ro d u c e d  b y  wave partic le  interactions. T h is  anom alous d issipa tion  process is required 
fo r  the shock  to  form .
S ince a  ju m p  in the m agnetic  field occu rs  w ithin  the sh ock , A m p e re ’s law  im plies 
th at there m ust b e  a current layer associa ted  w ith  it. T hus Jou le  heating and  other 
current instabilities can  prov ide  som e o f  the dissipation . R esistive  h eating  is im p orta n t for 
low  M ach  num ber  ( M a  3) shocks. For h igher M ach  num bers resistiv ity  alone cannot 
a ccoun t for the requ ired  d issipation , so som e fo rm  o f  anom alous v iscosity  is n eeded  (K ennel,
21
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1985). C oron iti (1970 ) dem onstrated  this by considering resistivity as the on ly d issipation  
process. He found  that when the norm al com p onen t o f  the d ow nstream  flow  speed is 
less than  the sound speed  the dow nstream  state  is unstable. I f the dow n stream  state is 
u nstable then it w ill continue to evolve to  som e other state and the cond ition s o f  the 
R an k in e-H u gon iot equations will not be  m et. T h is im plies that resistivity  alone cannot 
prevent further steeping and a viscous subshock is necessary.
O ne m ay view  a shock as tw o interacting stream s, so stream  instabilities and tu rbu ­
lence are often  present. P articles m ay also be reflected from  the shock p rod u cin g  even 
m ore com p lica ted  stream ing interactions. A lth ou gh  d ispersion  is n ot a d issipation  process, 
it can  p rod u ce  the sam e result by transporting  energy away from  the shock .
W h a tever  the p rocess(es) at work to  p rov ide the shock transition  is h ighly dependent 
on  the param eters defining the particu lar shock case. For exam ple, in  the h igh 0  lim it the 
parallel p ropa gatin g  fast m ode  wave is prim arily  e lectrostatic  so it m ay be exp ected  that 
the shock  will b e  e lectrostatic . For the m oderate  0  values to  b e  considered  in this thesis 
the fast m od e  wave is prim arily e lectrom a gn etic  and it will b e  show n  that its dispersive 
nature dom inates the physics o f  the shock . T h e  m ost im portan t o f  the param eters (listed  
in descending  order o f  im portan ce  and all referring to  upstream  quantities) are the M ach  
num ber, the angle betw een the shock norm al and the m agnetic  field ( # b « ) ,  the p lasm a beta  
( 0 ) ,  and the electron -ion  pressure ratio  { P Hj  Pi ) .  T h e  relative im p ortan ce  o f  the param eters 
is also dependant u p on  their value which can  alter the ordering  from  that given  above.
22
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Chapter 3. Comparison of Simulation Results with Satellite Observa­
tions
T h e pu rp ose  o f  con d u ctin g  com puter  experim ents o f  plasm a phen om en a is to  learn 
m ore a b ou t the p h ysica l processes that govern  these p h enom ena. M any o f  the phenom ena 
that are m a n ifested  in  the in terp lanetary  m ed iu m  can n ot b e  reprodu ced  in a la boratory  
and thus can  on ly  b e  observed  in  situ. T h e  prin cipa l reason  for this is that a collision  
free p la sm a o f  su fficient size to  e lim inate bou n d a ry  effects fro m  the container cannot be 
p rod u ced  in  a la boratory . Thus we have to  rely prim arily  on  theoretica l m odelin g  along 
w ith  satellite observation s and  experim ents to  gain an  understanding o f  the phenom ena 
occu rr in g  in  the in terp lan eta ry  m edium .
Satellite observation s have show n us the existence o f  m any phenom ena and have to ld  us 
m uch a b ou t their n ature. H ow ever, observations have lim itations and com puter  sim ulations 
can help  to  fill in the gaps and perhaps p o in t tow ards the need  for o ther observations 
that shou ld  be  m a d e . On the other hand , results ob ta in ed  from  a s im ulation  m ust be 
consisten t w ith  th e  observation s. In the first part o f  this chapter a com parison  is m ade 
betw een  observation s o f  the m a gnetic  field  structures o f  three in terplanetary shocks and 
the results o f  a com p u ter  sim ulation  o f  the observed  events. A lso  presented are the ratios o f  
the dow n stream  to  u pstrea m  p la sm a density, m agnetic  field  strength , and ion  tem perature 
(w here ava ilable). In  the second  p art som e o f  the d ifficu lties encountered  w hen in terpreting 
m easurem ents ob ta in ed  by  satellites w ill b e  d iscussed. In  p articu lar, the D op p ler  shift and 
how  it relates to  the com parison s that are m ade will b e  exam ined .
23
R e p ro d u ce d  with p e rm issio n  of the copyright owner. Fu rthe r repro du ction prohibited without perm ission .
3.1 Com parison of Simulation Results with Observations
ISE E  observation s o f  3 in terp lanetary shock s, as p rov id ed  b y  C T . R u sse ll, have been  
chosen  for this analysis. T h e  IS E E  m a gnetom eter  d a ta  is sufficien tly  w ell reso lved  in tim e 
( ~  .25 sec sa m plin g  in terval) for  the purposes o f  th is study. T h e  te m p o ra l reso lu tion  o f  the 
m a gnetom eters  exceeds that o f  p lasm a m easurem ents w h ich  usually  requ ire  on  the order 
o f  1 to  5 m inutes for  sam pling  the com plete  d is tr ib u tion  fu n ction  (B a m e  et al., 1978a,b; 
Frank et al., 1978; A n d erson  et al., 1978; R ussell et al., 19 83 c). T h e  h igh  sam pling 
rates are needed  fo r  the com p a rison  since the shocks are con v ec tin g  past the spacecraft at 
a p p rox im a te ly  the solar w ind  speed . T he tota l system  len gth  for  the sim u la tion  represents 
tim e intervals ran g in g  fro m  68 to  75 seconds for the three IS E E  observation s. T h u s the 
details o f  the m a gnetic  fie ld  structures can  b e  com p a red  d irectly  w h ile  the details o f  the 
p la sm a (i.e . density , pressure, velocity , e tc .)  can n ot. H ow ever, the change in  the average 
density  and tem peratures from  the upstrea m  to  the dow n strea m  reg ion  cam and shall b e  
com p ared  for  th ose  cases w here results have been  pu blish ed .
T h e  sh ock  n orm a l d irection s have been  derived  using  m u lti-sp a cecra ft observation s as 
d escr ib ed  b y  R u sse ll et al. ( 19 83a,b). T he solar w in d  param eters  have b een  determ ined  
usin g  m easurem ents ob ta in ed  b y  the solar w ind  instrum ent (B a m e  et al., 19 78 b) and the 
IS E E  1 and  2 m a gnetom eters  (R u sse ll, 1978). T h e  values o f  the param eters  9b n> M a , 0 ,  
an d  P KJ Pi as p rov id ed  b y  R u sse ll, which specify  each  o f  the th ree  sh ock  cases sim ulated, 
are show n in  T a b le  3.1. T h e  values in parenthesis represent the range o f  values that m ay 
b e  fou n d  in  the p u b lish ed  literature for these shock  cases. T hese p u b lica tion s  are: K ennel 
e t al. (19 82 ), Scholer e t al. (1 9 8 3 ), T su ru tan i e t al. (1 9 8 3 ), R u sse ll e t  al. (1 9 8 3 a ,b ,c ), R ussell 
and  A lexan d er  (1 9 8 4 ), K en n el et al. (19 84 a ,b ), and B a va ssa n o-C a tta n eo  e t al. (19 86 ). A lso  
in c lu d ed  in T a b le  3.1 are the average upstrea m  n u m ber  density , m a gnetic  fie ld  m a gnitu de,
24
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and the shock  velocity . T h ese  are n eeded  to  convert the ob served  an d  sim ulated  results to  
a  com m on  scale.
Table 3.1 Parameters for the Interplanetary Shock Cases
Case 9 /1 1 /7 8 1 1 /2 0 /7 9 1 1 /1 2 /7 8
0Bn 32° (32° -  3 6 °) 39° (39 ° -  66° ) 42° (2 2 ° -5 0 ° )
M a 1.4 (1 .3 -1 .6 ) 1.7 2.9 (2 .6 -5 .6 )
0 0.23 (0 .2 3 -0 .4 ) 0.83 0.55 (0 .5 -1 .1 )
Pe/Pi 2.0 1.7 3.25
n  i ( c m ~ 3) 3 4 2.3
B t (n T ) 9.7 7.8 7.9
V’s h o ck O ™ /* ) 436 282 606
* electron  to  ion  pressure ratio
T h e  varia tion  in the values ob ta in ed  for these param eters (a n d  the changes o f  the 
p lasm a p roperties  across the shock , to  be  show n  la ter) com e fro m  a num ber o f  sources. 
Som e o f  the observations w ere m ade from  different satellites (IS E E -1 , 2, or  3) and different 
instrum ents. T h is varia tion  o f  the param eters from  one satellite to  another indicates that 
the shocks m ay w ell be  evo lv in g  as they  p rop a gate  th rough  the variable solar w ind . O ften  
different techniques were used  to com p u te  shock norm al angles and  the M ach  num ber (see 
R ussell et al., 1983a). D ifferent investigators are also likely to  choose  different averaging 
intervals for estim ating  the u pstrea m  and dow n stream  a sym p to tic  values o f  the density, 
p ressure, ve loc ity , and  m a gnetic  field .
B ecause our sim ulation  is on e-d im en sion a l and  thus assum es a planar geom etry , it 
is m ore app lica ble  to in terp lanetary  shocks than  to  the p la netary  bow  shocks. T h is  is 
b ecause the radius o f  cur vature o f  in terp lan eta ry  shocks is e stim a ted  to  b e  2 to  3 orders o f  
m a gn itu de  greater than  the p la netary  b o w  shocks (K en n el e t al., 1982). For the p lanetary  
b o w  shocks the extent o f  the foresh ock  region  and  the shock  associa ted  tu rbu len ce up 
and  d ow nstream  can  b e  as large as the radius o f  curvature. T h e  on e-d im en sion al m od e l 
excludes w hat m a y  b e  im portan t tw o-d im en sion a l wave p rop a g a tion  effects. P recursor
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waves generated  in low  M ach  n u m ber shocks genera lly  p rop a ga te  at sm all angles to  the 
m a gnetic  fie ld , 9 s k  5; 20° (R ussell et al., 19 83b). So the angle o f  the w ave n orm al to  the 
shock  n orm al can  som etim es be  qu ite  large. T able  3 o f  R u ssell e t al. (1 9 8 3 b ) shows that 
the m a jo r ity  o f  the wave n orm al angles dkn lie in the range 25° — 55 °. H ow ever, our on e­
d im en sion a l sim ulation  allows p rop a ga tion  on ly  along the shock  n orm al, so  that 9kn =  0 °. 
T h e  sim ulation  m o d e l is m ore fu lly  d escr ib ed  in A p p en d ix  A .
In  order  to  com pare  the w avelength  o f  the u pstrea m  waves for the s im ulation  results to 
the observations we m ust convert the tim e series o f  the sa tellite observation s to  a distance 
scale an d  relate the d im ensionless units o f  the sim ulation  to  the sam e d ista n ce  scale. T h e  
shock  ve lo c ity  in the sa tellite fram e is determ in ed  fro m  the d ata  using the p la sm a v e loc ity  
vectors  and  best fit shock norm als from  m u lti-spa cecra ft observations. T h e  m e th o d  is 
d escr ib ed  and  the results are p resented  in R ussell et al. (1 9 8 3 b ). It is assum ed that the 
u pstrea m  waves are phase standing  w ith  respect to  the shock  fron t in order  to  convert tim e 
to  d istance w ith  this velocity . T h e  scaling o f  the s im ulation  results is descr ib ed  in the end 
o f  A p p e n d ix  A .I .  A t the b o t to m  o f  each  o f  the figures disp lay ing  the satellite  observations 
is the tim e scale in  w h ich  the m easurem ent was taken and at the top  is the derived  d istance 
scale in units o f  the E a rth ’s rad ii. A t the b o t to m  o f  each  o f  the sim ulation  figures is a 
scale in  ion  inertia l lengths and  at the to p  is the d ista nce scale correspon d in g  to the ion  
inertia l len gth  ca lcu la ted  from  the u pstrea m  density  o f  the observed  shock s. T h e  upstrea m  
density  and  average m agnetic  field, w hich  determ ine the d istance and  tim e scales fo r  the 
s im ula tion  (see A p p e n d ix  A . l ) ,  for  the observed  shocks are listed  in T able  3.1.
F igure 3.1 show s the m agnetic  field  profiles o f  the Septem ber  11, 1978 shock observed  
b y  IS E E  2. F igure 3.2 shows the results o f  the sim ulation  o f  this shock  event. In b o th  o f  
these figures (a n d  those to  fo llow ) the z  c oord in a te  poin ts  in  the shock  n orm al d irection , 
th e  x  c oord in a te  lies in  the cop lan arity  p lane and the y  coo rd in a te  is p erp en d icu lar  to  the 
shock  n orm al and  the coplanarity  p lane. O ne can  see from  F igures 3.1 an d  3.2 that the
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U N IV E R S A L  T IM E
F i g u r e  3 .1  M agn etic  fie ld  profiles o f  the in terp lan eta ry  sh ock  o b ­
served b y  IS E E -2 on  9 /1 1 /7 8  ( fr o m  M a n d t et al., 1986 ).
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F i g u r e  3 .2  M a gn etic  fie ld  profiles (n orm a lized  to  the to ta l u p ­
strea m  fie ld ) fo r  the sim u la tion  o f  the 9 /1 1 /7 8  sh ock  ( fr o m  M an d t 
e t a l 1986).
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overa ll structures are very sim ilar, w itli a lam inar wave train  preceding  the m a gnetic  ram p. 
O ne obv iou s d ifference is that B t is constra in ed  to  be constan t in the s im ulation  while the 
observation s show  th at it is not. T h e  structure o f  the observations is less regular than  in 
the sim u la tion . T h is  is reasonable as the cond ition s in  the s im ulation  are well con tro lled  
b u t the ob served  sh ock  is p ropa gatin g  th rough  a variable solar w ind. It is also possib le  
that there are wave form s in the observations that are n ot generated in the s im ulation  
m od e l.
T h e  freq u ency  (in  the solar w ind rest fra m e), the w avelength , and the am plitude o f  
the u p strea m  waves com pare  fairly w ell betw een  observation  and  sim ulation  as show n in 
T a b le  3.2. T h e  varia tion  o f  the values in T a b le  3.2 is less than 30%  for th is case. T he 
m easurem ents were taken  directly  from  the p lots  averaging over as m any wavelengths as 
are clearly  part o f  the wavetrain. T h e  values o f  the frequency  and w avelength  from  the 
satellite  observation s are obta in ed  by  assum ing that they are phase standing in the shock 
fra m e. In the sim ulation  these waves are phase stationary.
F igure 3.3 shows the m agnetic  field profiles o f  the N ovem ber 20, 1979 shock observed  
b y  IS E E  3. F igure 3.4 shows the results o f  the sim ulation  o f  this event. W e see fro m  these 
tw o  figures that the b a sic  structure is sim ilar w ith  an u pstream  wavetrain p receed in g  a 
ra ther ab ru p t m a gnetic  ram . H ow ever, the quantita tive com parison  is m uch w orse than in 
the first case. T h e  w avelength  in the sim ulation  is ju st under h a lf o f  that observed  and the 
oth er  quantities com p ared  are o ff  as m uch as 40%  o f  the observed  values. It shou ld  also 
b e  n o ted  th at in  this case a m uch less regular structure is seen from  b o th  the observations 
and  sim ulation  results. T h e  frequency, the w avelength  and  the am plitude o f  the waves are 
p resented  in  T a b le  3.2.
F igure 3.5 show s the m agnetic  fields o f  the N ovem ber 12, 1978 shock observed  by 
IS E E  1 . F igure 3.6 show s the results o f  the sim ulation  o f  this event. A s is ev ident in  these 
tw o  figures, w hile there are waves upstrea m  o f  b o th  the observed  and sim ulated shocks,
29
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F i g u r e  3 .3  M a gn etic  fie ld  p rofiles  o f  the in terp lan eta ry  shock  o b ­
served  b y  IS E E -3  on  1 1 /2 0 /7 9  ( fr o m  M a n d t e t  al., 1986 ).
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F i g u r e  3 .4  Sam e as F igure 3.2 bu t fo r  the 1 1 /2 0 /7 9  sh ock  ( fr o m  
M a n d t et a i ,  1986 ).
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(hey are quite different in appearance. The on ly com m on  features are the scale length o f  
t he m agnetic  field ram p and the large am plitude wave structure coincident w ith  the ram p. 
This la tter feature is seen m ost clearly in the p lot o f  B Y  (th e  m agnetic  field com ponent 
out o f  the coplanarity  p lane) in Figure 3.5 and 3.6.
In front o f  the observed  shock there is an irregular wave train  o f  the type generally 
associa ted  with back stream ing  particles. These waves have been  d iscussed in detail by 
Kennel et al. ( 1984a,b). T h ey  are not part o f  the precursor wave structure. In fact, this 
shock was classified as having n o observable precursor waves by Russell et al. (19 83 b). 
T he sim ulation  has a very definite upstream  precursor type wave extend ing  from  within 
the shock to  well upstream  o f  the shock. H ow ever, assum ing that it is phase stationary, 
this wave could n ot have been  detected  by the ISEE fluxgate m agnetom eters because the 
frequency  o f  the wave is above that which could  be transm itted w ithout aliasing by the data  
system , and thus w ou ld  have been  attenuated  by  the antialiasing filters (R ussell, 1978). T h e  
presence o f  this wave in the sim ulation supports the inference (R ussell et al., 1983b) that 
the disappearance o f  p recursor waves above ab ou t a m agnetosonic M ach num ber ( M m s  ) o f  
1.8 was due to  the precursor wave frequency increasing above the m agnetom eter passband. 
W e also note  that K ennel e t al. (1984a) found a high frequency (1 H z) m odu la tion  in the 
upstream  region. T able  3.2 lists the properties o f  the sim ulated waves.
In these three interp lanetary shock events a reasonably g o o d  qua litative agreem ent 
is seen betw een  the observed  and sim ulated m agnetic field profiles. V ariations betw een 
the indiv idua l cases that o ccu r  in b o th  the sim ulation and observations are also n oticed . 
In the first case we have a very well defined, lam inar wave train and exten ded  ram p. In 
the second  case the ram p is sharper and the wave train is less w ell defined. In the th ird 
case there appears to  b e  n o lam inar wave train, but a large am plitude wave o f  a few 
wavelengths appears to  stand  in the m agnetic  ram p. These variations betw een the three 
cases are seen in the sim ulations (apart from  the wavetrain o f  case 3 as discussed earlier) as
32
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F i g u r e  3 .5  M a gn etic  fie ld  profiles o f  the in terp lan eta ry  sh ock  o b ­
served  b y  ISE E -1 on  1 1 /1 2 /7 8  (fr o m  M a n d t et al., 1986 ).
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F i g u r e  3 .6  Sam e as F igure  3.2 bu t fo r  the 1 1 /1 2 /7 8  sh ock  (from  
M a n d t et al., 1986 ).
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T a b le  3 .2  C o m p a r i s o n  o f  R e s u lt s
IS E E  D a ta Sim ulation
A, km
In terp lan etary  Shock o f  S ep tem ber  11, 1978  
1300 910
u>sw 1 H z 0.26 0.19
A max 1 7 12.0 12.0
A B / B 0.4 0.4
n 2/nx 1.3-1.4 1.5
b 2 /b x 1.2-1.4 1.5
Ta /Tix 1 .1- 1 .3 1.5
A, km
In terp lan etary  Shock o f  N ov em b er  20, 1979  
1200 530
ijJsw, H z 0.13 0.22
Am axi 7 6.0 8.5
A B / B 0.4 0.5
n 2/nx — 1.5
B i/ B x 1.4 1.4
Ti2/Tix - 1.7
A, km
In terp lan etary  Shock o f  N ov em b er  12, 1978
380
W51V , H z — 0.9
Am ax, 7 — 10.0
A B / B 1.0 1.3
n 2/nx 2.2-3 .0 2.4
b 2/b x 2 .2-2 .3 2.4
Ti2/Tix 5.0 5.3
H ere A is the w a velength , is the solar w in d  rest fra m e freq u ency , is the m a x im u m  
o f  the w ave am p litu d e , A B / B  is the ra tio  o f  the change in  the m a gn itu de  o f  the m a gnetic  
field  to  the average u pstrea m  value, n 2/nx is the dow n stream  to  upstrea m  density ra tio , 
B 2/ B x is the m a gnetic  field  ra tio , and  T{2/TiX is the ion  tem peratu re  ratio . A, u s w ,  A ,nax, 
and  A B / B  are ob ta in ed  from  the figures. n 2/nx , B 2/ B x , an d  Ti2/Tix are taken from  
pu b lish ed  literature (see tex t for references). W h ere  tw o  num bers are given  they represent 
the range o f  values fou nd .
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w ell as the observation s. For the quantita tive com parison , the w avelength  and frequency  
o f  the sim ulated  waves were consisten tly  o f f  by  as m uch as a fa c to r  o f  2. T h e  peak wave 
am plitu de  and  m a gnetic  field ju m p  com p ared  qu ite  well. F rom  T a ble  3.1 one can  see that 
all three cases lie w ithin  a fairly narrow  range o f  the param eter space span n ed  b y  M a , &Bn,
(3, and  P e /Pi- B esides the M ach  num ber we fou nd  the shock stru ctu re  to  b e  m ost sensitive 
to  j3. Cases 1 and  2 are very sim ilar, b u t  case 2 has a higher b e ta  value and a less lam inar 
m a gnetic  field  p rofile . T his varia tion  in the structure with b e ta  is ex p ected . For very low  
b e ta  the p la sm a is strongly  d irected  by  the m a gnetic  field. A s b e ta  increases the p la sm a 
exerts a greater in fluence on the m a gnetic  field. Since the particles  act as sources for  the 
m a gnetic  field , ra n d om  therm al m otion s o f  the particles add  m ore  noise  to  the m agnetic  
fields. W e have also run  the second  case w ith  (3 =  1 and actu a lly  h ad  b e tte r  agreem ent 
w ith  the observation s than in the run presented here. For that run  the values obta in ed  are 
A =  740 k m , u>5 w  -  0.16 H z, and  A  =  6 .2q .
A lso  listed  in Table  3.2 are the ratios o f  the d ow nstream  to  u p strea m  average values 
o f  the density , m a gnetic  field , and ion  tem perature. T he ob servation a l values were taken  
from  the sam e set o f  publica tions from  which the shock param eters w ere obtained . O ne 
can  see that w hile  som e o f  the values from  the s im ulation  lie in the observed  ranges, m ost 
o f  th em  are greater than those observed . T h e  larger d ow nstream  to  u pstrea m  ratios and 
shorter p recursor waves indicate that the sim ulated  shocks m ay b e  s tronger (have a greater 
M ach  nu m ber) than  those observed . A ll o f  the values m entioned  ab ove  for  the s im ulated  
results fie w ith in  15%  o f  the observed  values.
W e n o te  that there are several sources o f  uncertainty in  the ob served  p lasm a pa ra m ­
eters. For exam ple , in the derivation  o f  the sh ock  norm als, R u ssell and  A lexan der  (1984) 
e stim a te  that w hile 66%  o f  the 16 in terp lanetary  shock  norm als they  stud ied  were de ter ­
m in ed  to  b e tte r  than  4° , 20%  were in error greater than 8° . T h e  in d iv idu a l m agnetic  field  
values are accurate to  O .lq , bu t the a ccuracy  o f  the averaged m a gnetic  fie ld  values depends
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011 the flu ctu a tion  level. T h e  p lasm a density is uncertain  bv a b ou t 10% . Finally, we have 
not in cluded  the effects o f  alpha particles on  the density or pressure. Thus the im proved  
agreem ent for case 2 w ith (3 =  I is understandable. T h e  range o f  values listed in Table 3.1 
can  give an in d ication  o f  their uncertainty. T he value o f  the density  and m agnetic  field 
m agnitude determ ine the tem pora l and spatial scaling for the sim ulation  (see A p p en d ix  
A . l ) .
In all three cases the wavelengths o f  the upstream  waves are shorter in the s im ulation , 
w ith  the second case being the w orst. T he sim ulation also overestim ates the ju m p  in the 
m agnetic  field in all cases. T hese values are also listed in Table 3.2. O ne w ould expect 
that variations due to  uncertainties in the p lasm a param eters (density , tem perature, field 
m agnitude and d irection ) used to  define the particu lar case and to  scale the sim ulation 
w ou ld  b e  less system a tic . H ow ever, the nature o f  these uncertainties is n ot sim ple. A n other 
likely source for the discrepancies is due to  the assum ptions u p o n  w hich  the sim ulation  
m od el is based . T h e  electrons are treated  as a massless fluid, thus any effects due to  the 
e lectron  dynam ics are lost. A lso, the ions in the sim ulation are treated  as ‘m a cro  partic les ’ . 
T h a t is, each ‘p a r tic le ’ in the s im ulation  actually  represents a large num ber o f  actual ions. 
T h is m ay well affect the scaling o f  the phenom enon  being sim ulated.
It is n oted  that n ot on ly  are the observed  w avelengths longer than  the sim ulated  cases, 
bu t b o th  o f  these are longer than w hat is p red icted  for a phase standing  w histler wave. 
Part o f  the reason  for this m ay be  due to  nonlinear effects as w ill b e  d iscussed  in C hapter 5. 
A n oth er  cause m ay be due to  the assum ed geom etry o f  the shock and  the upstrea m  wave 
propa gation . F igure 3.7 shows the tw o m ost likely geom etries for  the shock -precursor 
structure. Figure 3.7a  shows the usual configuration  where the phase fronts parallel the 
shock surface. T h e  ex p ected  w avelength for a phase standing w histler from  the cold  plasm a
37
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F i g u r e  3 .7  T w o  rea li2ations o f  the poss ib le  geom etr ies  for  a phase 
s ta n din g  precu rsor  w ave ahead  o f  a sh ock . T h e  tw o  cases sketched  
sh ow  a ) the wave n orm a l paralle l to  the sh ock  n orm a l, and  b )  the 
w ave n orm a l paralle l to  the u p strea m  m a gnetic  field . T h e  shock  
n orm a l vecto r , n , p o in ts  tow ards the u pstrea m  region .
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dispersion  re la tion  w ith  this g eom etry  is
A0 -  2-xc/t
cos e B k
(3 .1 ).
V m T - i
Figure 3 .7b  show s a situ a tion  where the phase fronts have norm als parallel t o  the m a gnetic  
fie ld . U nder this a ssum ption  the relation  for  the p red icted  w avelength  o f  a  phase standing 
w histler wave is g iven  by
A q  — 2 vc/uipi (3 .2 ).
%/M \  cos2 9kn -  1
T a b le  3.3 lists the w avelengths m easured  fro m  the satellite  and  the sim ulations as w ell as 
the w avelengths p re d icte d  for  a phase sta n din g  w histler w ave ba sed  on  the geom etries o f  
F igure 3 .7a  and  b  w h ere 9Bk — 8Bn for  case a) and 9Bk =  0 and  9kn =  9Bn fo r  case b ) . 
T h e  on e  d im en sion a l assum ption  o f  the sim ulation  en forces the structure o f  F igure 3.7a 
u p o n  it. T h e  p oss ib ility  that a p h ysica l sh ock  m ay fo llow  the structure o f  F igure 3 .7b is 
a lso su p p orted  b y  th e  observation  by  R ussell e t al. (1 9 8 3 b ) w h o  find  that the precursor 
wave p rop a g a tion  is h igh ly  field  aligned .
Table 3.3 Comparison o f Upstream  Wavelengths*
C ase A obe A ,irn Ao a ;
9 /1 1 /7 8 1300 910 850 1300
1 1 /2 0 /7 9 1200 530 410 830
1 1 /1 2 /7 8 — 380 260 500
* all in  k ilom eters
3.2 Interpretation of Satellite Observations
T h e  in terp reta tion  o f  d ata  ob ta in ed  from  observations b y  satellites p oses a very diffi­
cu lt p rob lem . O ne m ust d eterm ine w hether on e  is observ in g  tem p ora l varia tions, spatia l
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varia tion s, or som e com b in a tion  o f  b o th . T o un am b igu ou sly  resolve the characteristics o f  
a s ingle convectin g  and  prop a gatin g  signal m ay be  im possib le . T o  further com p lica te  the 
issue, what is usually  observed  is a m u ltitu de o f  w aveform s (in clu d in g  turbu len ce ) that 
are n o t  necessarily  linearly  su perim posed . E x tra ct in g  in form a tion  from  this sort o f  d ata  is 
very  difficu lt. In  th is  section  som e o f  the m ost funda m en ta l p rob lem s for the in terpreta­
tion  o f  satellite d a ta  w ill b e  listed. T h e  p rob lem  m ost relevant to  this study, nam ely the 
D o p p le r  shift, w ill b e  d iscussed  in m ore detail. T h e n  I shall consider h ow  it relates to  the 
observation s o f  the prev ious section .
T h e  first an d  sim plest ob s tac le  in  determ in ing  the nature o f  an observed  signal is the 
D op p le r  shift. In genera l the signal source, the m ed iu m  through  w h ich  it propa gates , and  
the observer w ill all b e  in  m o tio n  relative to  on e  anoth er  and th is affects the relationsh ip  
betw een  the signal that is generated  and  what is observed . A n oth er  m a jo r  d ifficu lty  in  a 
m a gnetized  p la sm a  is that the in dex  o f  re fraction  is an isotrop ic T h e  prop a gation  char­
acter istics  o f  waves d ep en d  on  the orien tation  o f  the wave relative to the m a gnetic  field . 
In  ad d ition , p a c e  p lasm as ten d  to  b e  in h om ogen eou s. V ariations in the p lasm a density, 
tem peratu re , an d  co m p o s it io n  as well as the m a gnetic  field  also alter the p ropa gation  char­
acter istics  o f  a signal. A lso , as was m entioned  at the beg inning  o f  this section , w hat is 
genera lly  observed  is a su p erp os ition  o f  m any different w aveform s.
T h e  p rob lem  o f  the D o p p le r  shift w ill now  b e  discussed . T o  sim p lify  things som ew hat, 
on e  ca n  work in a reference fram e where the m ed iu m  is assum ed to  b e  at rest and consider 
ju st the m otion  o f  a source and  an observer th rough  it. I f  the source is at rest or we are 
on ly  interested  in  the p rop erties  o f  the signal as it p ropa gates th rough  the m ed iu m , then 
the rest fram e freq u ency  (u>r ) is obta in ed  from  the observed  freq u ency  (u/„bs) by  the sim ple 
re la tion
Wr =  Wo6« +  *  ' Voba ( 3 .3 )
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where vnh„ is the ve loc ity  o f  the observer (sp acecra ft). Thus one m ust know  the w avelength 
and propa gation  d irection  (or  the phase v e loc ity ) o f  the signal as well. T h is can on ly be 
inferred from  sim ultaneous, m ulti-poin t observations or by  assum ing know ledge o f  the 
d ispersion  relation. M ulti-spacecraft observations o f  in terp lanetary shocks are discussed 
by R ussell and A lexan der  (19 84 ) and references therein.
If  one is interested  in the characteristics o f  a m ov in g  source then the s ituation  is m uch 
m ore com p lica ted . T h e  frequency in the m edium  is given by the sam e D opp ler  shift relation  
if  the m edium  and observer are at rest. T he general expression  (in  one-d im en sion ) is
where Vph is the phase ve loc ity  o f  the wave, Vm is the ve loc ity  o f  the m ed ium  and V, is the 
source velocity , all relative to  som e inertial fram e o f  reference. In general the w avelength 
will also be  altered  by  relative m otion  betw een the source and  m ed ium . W h a t is often  o f  
interest is not a single isola ted  signal but rather a spectru m  o f  signals. T h is is usually 
represented as the pow er  spectra l density. T o D opp ler  shift the pow er sp ectru m  one m ust 
integrate the observed  spectru m  over a frequency  interval. In  general this requires know l­
edge o f  the d ispersion  relation. For the sim ple case o f  a pow er  law spectru m  the shape is 
unchanged but the am plitude is altered (O lson , 1970).
Interp lanetary shocks were chosen for this com parative  study  becau se  the velocities 
o f  the m edium , the wave, and the observer axe fairly  well k now n. K n ow ing  the velocity  
o f  the waves o f  course depends on  the assum ption  that the waves are phase standing in 
the shock fram e. T h e  fact that the shocks are convectin g  qu ickly past the shock makes 
the determ ination  o f  the upstream  w avelength m ore  reliable. In  the case o f  the E arth ’s 
bow  shock , the shock oscillates back and forth  w ith  a ve loc ity  com parab le  to  that o f  the 
satellite. U nder these cond ition s a single spacecraft cannot determ ine the shock velocity .
(3 .4 )
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The D op p ler  shift could also be im portant due to two and three dim ensiona l p ropa ga­
tion effects. T he d iscrepancies between the observed , sim ulated , and pred icted  upstream  
wavelengths in d icate that, the geom etry usually assum ed for a phase standing precursor 
(w ith  the shock and  precursor norm als aligned) m ay be in correct. A ssum ing  that &ok =  0, 
the predicted  w avelength is closer to the observed  value. A lso , given the one dim ensional 
lim itation  o f  the sim ulation  m odel, the shorter wavelengths seen there are expected.
3.3 Summary
In this chapter a com parison  was m ade betw een three in terp lanetary  shock events and 
com puter  sim ulations o f  these events. Q ualita tively , the com parison  betw een  each case 
was reasonable. Q uantitatively , the ratios o f  the u pstream  to  dow n stream  density, ion 
tem perature, m agnetic  field field intensity, and the precursor wave am plitude were w ithin 
30%  o f  the observations. H owever, the frequency and w avelength  o f  the precursor were 
o ff  by as m uch as 50%  in one case. This m ay b e  expla ined  by  D op p ler  effects due to  the 
geom etry  o f  the observed  shock versus that o f  the sim ulation  m od el. T h e  usual assum ption  
is that the wave n orm al vector o f  a phase standing precursor wave w ill b e  parallel to  the 
shock norm al. O bservations show that the precursor waves ten d  to  p rop a gate  a long the 
m agnetic  field. T h e  one dim ensional sim ulation  m odel restricts wave propa gation  to  be 
along the shock n orm al d irection . T h e  exp ected  w avelength o f  a phase standing w histler 
w ith  its wave n orm al parallel to  the m agnetic  field is m uch closer to  the observed  value 
than that from  the sim ulation  and m ay explain  the d iscrepancy  betw een  the sim ulation 
and observations.
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C h a p t e r  4 . T h e  E le c t r o s t a t ic  P o t e n t i a l  a n d  E le c t r o n  E q u a t io n  o f  S t a te
T h e  inclusion  o f  a finite electron  pressure in the hybrid code  provides a means o f  
stu dy in g  equa tions o f  state for the electrons and the corresponding e lectrostatic  potentia ls. 
In this chapter we shall exam ine the role o f  this e lectric  field and the cross sh ock  potentia l 
ju m p  ex p ected  for  three electron  equations o f  state. In the first section  the equation  for 
the e lectric  field and  the estim ated  poten tia l ju m p  are presented. T h e  equations o f  state 
to  be considered  and the predicted  pressure changes and poten tia l ju m p s due to  them  are 
presented  next. Finally, the sim ulation  results, the results o f  this chapter, and how both  
relate to  a physical shock will b e  discussed.
4.1 The Electrostatic Field
In the on e-dim ensional hybrid  m od el, self-consistent e lectrostatic  electric  fields can 
on ly  exist in the d irection  o f  the s im ulation  axis (e lectrosta tic  fields transverse to the 
axis can  be  externa lly  im p osed ). I f the e lectron  pressure is P  ^  0, then the resulting 
electrostatic  electric  field is given by
(41)
where the subscript e for the electron  pressures has been  d ropped  and  B t =  ( B x , B y ,0 ) 
is the m a gnetic  field  transverse to the sim ulation  axis. E quation  (4 .1 ) is derived  from  the 
results o f  A p p en d ix  A  and is seen to be com p osed  o f  the z-com pon ent o f  the m otiona l 
e lectric  field  and gradients o f  the electron  pressure term s.
S ince we are exam in ing the expected  po ten tia l ju m p s due to  the electron  pressures as 
p red icted  by  the R an k ine-H ugon iot equations (w ith  v ||R) we will ignore the vR x  B  term.
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A lso , this m otiona l electric field is perpend icu lar to v,. and should d o  no work on the plasm a 
(assum ing  a steady sta te). From  the defin ition  E  =  - V 0  we can use a finite difference 
a pprox im a tion  in one-dim ension  to  obtain  for the poten tia l jum p across the shock
T he a b ove  expression  assumes that the e lectric  field  is uniform  over A z  and w ou ld  corre­
spon d  to  a m on oton ic  shock profile. E quation  4.2 also assum es that the density is constant, 
w hich it is not. H ow ever, we use the upstream  value o f  the density for this calcu lation  
w hich  shou ld  give an upper lim it for the poten tia l ju m p .
4.2 The Electron Equations of State
T hree  equations o f  state for the electrons are exam ined : an isotrop ic  pow er law , the 
C h ew -G old b erger-L ow  or C G L  equation  o f  state (C h ew  et al., 1956), and the corrected  
C G L  (C C G L ) equation  o f  state (H a d a  et al., 1986). T h e  C G L  and C C G L  equations allow 
for an isotrop ic  e lectron  pressures which m ay strongly  influence the ion  dynam ics through  
the second  term  on  the right o f  equation  (4 .2 ).
A n  isotrop ic  pow er law equation  o f  state is the m ost sim ple, nontrivial form ulation  
to  consider and is given  by P j p 7 =  c on s ta n t. A  value o f  7 =  5 /3  represents ad iabatic  
com pression  while 7 =  1 represents isotherm al com pression  (or expansion , bu t we are 
in terested in shocks which are com pressive). V alues o f  7 >  5 /3  indicate an increase in 
e n tropy  while values o f  7  <  5 /3  indicate  a  loca l loss o f  en tropy (see A p p en dix  B ). T h e  C G L  
equation  o f  state represents the conservation  o f  tw o adiabatic  invariants for the electrons, 
the m agnetic  m om ent and the entropy. It is g iven  by
(4 .2 ).
and PjP\\ =  So (4 .3 ).
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T h e C C G L  equ a tion s conserve m a gnetic  m om en t bu t assum e th at the electrons behave 
isoth en n ally  a lon g  m a gnetic  field  lines. T h ere fore , the equ a tion  defin ing the parallel p res­
sure in the C G L  equ a tion s is rep laced  by an isotrop ic  pow er  law w ith  7 =  1 . T h e  reason  
for  this m od ifica tion  o f  the C G L  equations is the h igh  m ob ility  o f  the electrons along field  
lines w h ich  allows for ra p id  th erm alization  paralle l to  B . T h is  m a y  b e  especia lly  im portant 
for quasi-paralle l shock s.
W e w ill exam in e  the e lectron  pressure and e le ctrostatic  p o ten tia l change across the 
shock  for each  eq u a tion  o f  sta te  b y  considerin g  how  the m a gnetic  fie ld  and density  (w h ich  
define the e lectron  pressures) behave. T o  d o  this we w ill first consider  the p oten tia l ju m p  
due to  the changes p red icted  b y  the R an k in e-H u gon iot equ a tion s. T h en  we shall consider 
the effects o f  the d e ta iled  structure o f  the shock . T h e  changes in  the density  and m agnetic  
field across the sh ock  21s p red icted  b y  the R an k in e-H u gon iot equa tions is show n in Figures
2.4 and 2.5 as a fu n ction  o f  the A lfven  M ach  n um ber and  the sh ock  n orm al angle (<?Bn)- 
For the iso trop ic  pow er law the change in pressure is given  by
P i =  R JP i (4 .4 )
w here R p =  p i/  Pi is the ratio  o f  the d ow n  to  u pstrea m  densities. U nder the assum ption  o f  
quasi-neutra lity  the e lectron  density  is nearly  iden tica l to  the ion  density  in  the sim ulation. 
T h is  yields for a p o te n tia l ju m p
A <piso =  (R p  -  l ) fc 7 i  (4 .5 )
where kT x is the u p strea m  electron  therm al energy. T h e  value o f  the num erica l factor  
(R 1  -  1) ranges fro m  3 to  9.1 for 7  =  1 to  5 /3  an d  assum ing R p =  4 (th e  h igh  M ach  
num ber lim it).
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F or the C G L  equ a tion  o f  sta te  the perpen d icu lar  and  parallel pressure changes are 
g iven  by
R 3
P. 1 2 =  RpRbP\ and P\\2 =  (4-6).
T h e upstrea m  pressure is assum ed isotrop ic  and R p  =  B 2j  B x is the ra tio  o f  th e  d ow n ­
stream  to  u pstrea m  m a gnetic  field  strengths. T h e  e lectrostatic  p o ten tia l ju m p  is then
A 4>c g l  =  ( | |  "  l ) kT ' ~  -  R b ) ( r 2b  -  (4 -7 ) .
For the C C G L  equ a tion  we replace the parallel pressure term  w ith  a te rm  a ppropria te  to  
an isotherm al pow er law. T h e  change in the parallel pressure is then  the sam e as for  the 
iso trop ic  pow er law  w ith  7  =  1. T h e  po ten tia l ju m p  is
A 4>CCGL =  { R p ~  1 )k T x -  (1  -  R b ) {R 2b  -  l ) ; f f  (4 .8 ).
T h e  p oten tia l ju m p s  ca lcu lated  from  these equations are p lo tte d  in  units o f  the u p ­
stream  electron  therm al energy ( k T x) as surfaces in  the A lfven  M ach  n u m ber and  shock 
n orm al angle param eter space (F igs. 4 .1 -4 .3 ) . T h e  isotrop ic  case, show n in  F igure 4 .1 , fo l­
low s the density  profile as e x p ected  w ith  a m a xim u m  p o ten tia l ju m p  o f  9.1ifeTi. T h e  C G L  
case, show n  in F igure 4.2, pred icts  a large p oten tia l ju m p  for large shock  norm al angles 
and  its value peaks at a b ou t 150fcT i. T h e  p oten tia l ju m p  at sm aller angles is also  large 
w ith  a peak  at ab ou t 60kT x . H ow ever, the poten tia l ju m p  has a trou gh  at a b ou t <?Bn =  20° 
w here it goes negative. T h e  po ten tia l p red icted  b y  the C C G L  equ a tion , show n in F igure 
4 .3 , has a m on oton ic  structure and  m a gn itu d e  com parab le  to  the iso trop ic  equ a tion . T h e  
values o f  the p oten tia l ju m p  increase w ith  increasing M ach  n u m ber an d  8Bn peak in g  at 
a b ou t 12.5 kT x-
46
R e p ro d u c e d  with p e rm issio n  of the copyright o w n e r  Fu rth e r repro du ction prohibited without perm issio n .
Isotropic Case 
(3 =  0.5
F i g u r e  4 .1  T h e  e le c trosta tic  p oten tia l ju m p  (in un its  o f  the u p ­
stream  e le c tron  therm al en ergy) p red icted  by  the R an k in e -H u gon io t 
equ a tion s for  th e  iso trop ic  equ a tion  o f  s tate. T h e  p o ten tia l ju m p  is 
p lo tte d  as a surface in the (M A ,9 B n ) param eter  space.
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CGL Case 
(3 = 0.5
F i g u r e  4 .2  Sam e as F igure 4.1 b u t fo r  the C G L  equ a tion  o f  sta te .
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4.3  Discussion and Conclusions
T h e  sim u la tion  results using these three equa tions o f  state show  very  little  d ifference 
at low  M a ch  num bers ( M a  <  3 ). H ow ever, ab ove M  a  as 3 the sh ock  s tru ctu re b ecom es  
in crea sin gly  erra tic  w ith  increasing M ach  n u m ber for the C G L an d  C C G L  equa tions o f  
state. T h e  p o ten tia l ju m p  across the shock transition  is som etim es p os it iv e  and  som etim es 
n egative. Large flu ctu a tion s in  the poten tia l o ccu r  th rough ou t the s im u la tion . T h e  shock  
s tru ctu re at h igh  M ach  num bers behaves reasonab ly  on ly  for the is o trop ic  equ a tion  o f  
state. F or the C G L  equ a tion  o f  sta te , the reason  is ev iden t from  exam in in g  the ex p ected  
pressure changes a n d  resulting p oten tia l ju m p  across the shock. T h e  results show  that the 
C G L  equ a tion  o f  sta te  p rod u ces a large an isotropy  lea d in g  to e lectric  fie lds that destroy  
the sh ock  s tru ctu re at h igh  M ach  num bers. T h e  p red icted  behavior o f  the C C G L  equation  
o f  sta te  seem s reason ab le ; the reason  for its b reak d ow n  is due to  the m icrostru ctu re  o f  the 
shock  itself. T h e  actu a l shock structure also affects the results o f  the C G L  equation .
T h e  fact that the C G L  equ a tion  o f  state p red icts  poten tia l ju m p s  that w ou ld  accelerate 
the ions th rough  the shock indicates that they  are inappropriate  fo r  a  sh ock  m od e l. A  
n egative  p o ten tia l ju m p  is unphysica l, as it w ou ld  accelerate rather th an  decelerate  the 
ions th rough  the sh ock . A lso , the m a gn itu de  o f  the p red icted  p o te n tia l ju m p  is excessive 
in  the C G L  case. W h en  on e  considers the actu a l structure o f  the quasi-paralle l shock 
the s itu a tion  b ecom es  even  w orse. W h ile  the R an k in e-H u gon iot equ a tion s pred ict that 
Rj3 ss 0 for sm all shock  n orm al angles, b o t h  sim ulations and observation s show  that a 
value o f  R b  ^  2 w ou ld  b e  appropriate  due to  the waves associa ted  w ith  the shock . A lso , 
the sm all scale f lu ctu a tion s in p and B  can  b e  in phase an d  out o f  ph ase in  d ifferent regions 
o f  space. T h is  results in  a very erratic p oten tia l structure which is to ta lly  unrea listic .
T h e  iso trop ic  equ a tion  o f  sta te  depends on ly  on  the density and  the resu ltin g  p o ten tia l 
ju m p  behaves reason ab ly  th roughout the p aram eter space. At h igh  M ach  num bers one
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Electrostatic Potential Jump
F i g u r e  4 .4  E lectrosta tic  p oten tia l ju m p  n orm alized  to the u p ­
strea m  flow  energy as a fu n ction  o f  the A lfv en  M ach  n u m ber
fo r  /3e =  0.25 an d  dBn =  10°. T h e  curve is the R an k in e -H u gon io t 
p re d ict io n . T h e  circles are results from  the s im ulation .
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w ou ld  ex p ect  an isotrop ic  pressure due to  the turbulent structures w ith in  the transition  
region . T h e  p o ten tia l ju m p  follow s the e lectron  pressure. T h e  p o ten tia l ju m p , norm alized  
b y  the u pstrea m  flow  energy M r *  /2 ,  is p lo tted  in F igure 4.4 as a fu n ction  o f  the A lfven  
M ach  n u m ber for /3e =  0.25 and  6 Bn =  10°. A lso  p lo tte d  on  the figure are the results from  
s im ulation  runs w ith  these sam e param eters. T h e  p oten tia l ju m p  is n orm alized  to  the flow  
energy  in  this figure becau se  that is the convention  o ften  used  to  present observation a l and 
th eoretica l results. O ne can  see fro m  the figure that the sim ulation  results are consisten tly  
less than  that p red icted  by  the R an k in e-H u gon iot equations bu t exh ib it the sam e trend. 
T h a t the sim ulation  results are low er than  the th eoretica l values is reasonab le  since the 
assum ptions o f  equ a tion  (4 .2 ) im p ly  that it represents an u p p er  lim it. T h e  m a '-n itu de  o f  
the po ten tia l ju m p  in the sim ulation  peaks at ab ou t 25%  o f  the in com in g  ion  energy  near 
M a  — 2 and  decreases w ith  increasing M ach  num ber. T h is  is ex p ected  as the m agnitude 
o f  the po ten tia l ju m p  is lim ited  b y  the change in the electron  therm al energy across the 
shock  (w h ich  is lim ited  b y  the density  ju m p ) while the ion  energy is essentia lly  u n bou n d ed  
as the M ach  n u m ber increases.
In  sum m ary, three different e lectron  equations o f  state have b een  exam in ed , the ad ia­
b a tic  pow er  law , the C h ew -G o ld b erg er-L ow  equ a tion , and the corrected  C G L . T h e  resulting 
e le ctrosta tic  poten tia ls  were stu d ied  using the p red ictions o f  the R an k in e-H u gon iot equa­
tion s an d  testing the electron  equations o f  state in the s im ulation . T h e  p red icted  poten tia l 
ju m p  fo r  the C G L  equ a tion  o f  state was negative for certa in  ranges o f  param eter space 
and  therefor un ph ysica l. T h e  p red icted  p oten tia l ju m p  for the iso trop ic  p ow er  law  and 
the C C G L  equ a tion  are reasonab le . A t low  M ach  num bers ( M A <  3 ) all three equations 
p ro d u ce  the sam e results. A t h igher M ach  num bers the an isotropy  term s in  the C G L  and 
C C G L  equations result in  large e lectric  fields w hich  d isrupt the sim ulation . T h e  sim ulation  
results using  the ad iab atic  pow er law equ a tion  o f  state fo llow  fo llow  the p red icted  poten tia l 
ju m p  qu ite  well.
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Chapter 5. Scale Lengths of Quasi-Parallel Shocks
In this chapter the results o f  a survey o f  the quasi-parallel collisionless shock as a 
function  o f  the A lfven  M ach num ber are exam ined. Sim ulations were perform ed w ith  a 
shock norm al angle o f  10° and upstream  plasm a be ta  o f  /3 =  0.5. T he w avelengths o f  the 
upstream  and dow nstream  waves were m easured and estim ates m ade o f  the scale lengths o f  
the m agnetic  field , density and velocity  ju m ps. T hese were norm alized  to  the natural scale 
lengths o f  the plasm a: the ion  inertial length  ( c /w pi ), the ion  therm al gyro-radius (p ! 2 
upstream  and dow nstream  respective ly ), and the ion  stream ing gyro-radius (/>„ =  V„/Cli), 
and p lotted  as functions o f  the A lfven  M ach num ber. T he intent o f  this study is to see how  
the characteristic  lengths o f  the shock relate to  the natural scale lengths o f  the upstream  
and dow nstream  plasm as.
T he wavelengths o f  the upstream  and dow nstream  waves were m easured by  averaging 
over as m any wavelengths as were clearly a part o f  the wavetrain. T h e  values for the 
scalelengths were h and-fitted  estim ates o f  the length  over w hich  the principa l change in 
the quantity  occu rs (or approx im ately  where the largest gradients ex ist), h i the process 
o f  cond u ctin g  this study it was n oted  that there appeared  to  b e  a large variability in the 
scale lengths w ith  tim e. In order to account for this as m uch as possib le , the data set used 
in this study was constru cted  from  as m any tim e sam ples as were available for each case. 
T yp ica lly , a sim ulation  is run until T  =  5 0 - 1 5 0 0 ^  w ith  d iagnostic  p lots ou tput every 
1 0 - 2 0 0 ^ .  In F igure 5.1, show ing the upstream  wavelength , the average value for each 
M ach  num ber is p lo tted . In the rem aining figures, the average as well as the m inim um  
and m axim um  values for each  case are p lotted . A  tota l o f  25 cases Eire represented in this 
study.
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5.1 U pstream  and Downstream Wavelengths
Figure 5.1a show s the w avelengths o f  the upstrea m  waves as a fu nction  o f  the A lfven  
M ach n u m ber. O ne can  see the expected  decrease o f  the w avelength with increasing M ach 
num ber. T h is  is because the propagation  ve loc ity  o f  the waves increases w ith  decreasing 
w avelength  and  the longer waves cannot stand  in the flow  at higher M ach num bers. T he 
exp ected  w avelength  o f  a phase standing w histler as a function  o f  M ach  num ber is (T id m a n  
and K rall, 1971)
, 2 t  27TC cos 0 n n , ,
( 5 1 ) -
In  F igure 5.1 the u pstream  wavelength as a fu nction  o f  this exp ected  w avelength is 
p lo tted . T h e  solid  line on  the figure is the least squares fit o f  the data  to  a straight line given 
by A =  1.2A(| + 0 .4 . T h e  correlation  coefficient is 0.992 and the rm s error is 0.3, which is less 
than the dev ia tion  from  the exp ected  fit. T h e  average dev ia tion  o f  the s im ulation  data  to  
the e x p e cte d  fit is 1.5. T he dashed line has a slope o f  unity  and represents the theoretica l 
p red iction  o f  (5 .1 ). O ne can  see that the s im ulation  results p rod u ced  upstream  waves 
w ith  consisten tly  lon ger  w avelengths than p red icted  by  the c o ld  p lasm a linear d ispersion  
relation  b y  up  to  a factor  o f  ab ou t 2 for h igher M ach  num bers. It was n oticed  from  the 
s im ulation  runs that at very early times in a s im ulation  run the w avelength was shorter 
and m uch closer to  the p red icted  value.
T h e  d iscrep a ncy  betw een  the sim ulation  results and that p red icted  b y  theory m ay be  
due to  on e  o r  b o th  o f  tw o effects. In  the region  upstream  o f  the p rincipa l ram p the flow  
is som ew ha t redu ced . Since the wave phase ve loc ity  m ust equal the flow ve loc ity  and the 
phase ve lo c ity  decreases w ith  increasing w avelength , th is w ould allow  a longer w avelength 
w ave to  phase stand  ahead o f  the shock. T h e  other cause m ay b e  the nonlinear nature 
o f  the waves. S ince the m agnetic  field is substantia lly  increased due to the wave fields in
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Upstream Wavelength
F i g u r e  5 .1  W a velen gth s o f  the u p strea m  waves as a fu n ction  o f  
a) the A lfv e n  M ach  num ber  and  b ) the w a velength  o f  the e x p e c te d  
ph ase  s ta n din g  w histler. T h e  circles are the results o f  s im ula tion  
run s, the so lid  line is a  least squares fit to  the d a ta , an d  the d ash ed  
lin e is th e  p red icted  value.
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the u pstrea m  region  w h ile  the density  increases on ly  s lightly  the lo ca l A lfven  speed  will 
b e  greater than the b a ck g rou n d  value. Since the wave speed  is p rop or tion a l to  the A lfven  
speed  and  th e  wave n u m ber , i f  the phase ve loc ity  is to  b e  constant the w avelength  m ust 
increase as the A lfv en  speed  increases. This w ou ld  also allow  a longer w avelength  wave to 
phase stand  in the u p strea m  flow .
F igure 5.2 show s the dow n stream  w avelengths as a fu n ction  o f  M ach  n u m ber n orm al­
ized  by  a) the u p strea m  ion  inertial length  ( c /w pi), b )  the u p strea m  th erm al gyro-rad ius 
( p i ) ,  c ) the d ow n stream  gyro-rad ius (p 2), and d ) the stream ing gyro -rad iu s ( p „ ). T hese 
figures show  th at th e  dow n stream  w avelengths are longer than  any o f  the n atu ral scale 
lengths o f  the shock s. In  F igure 5.2a , in w hich  the n orm alization  ( c/u>pi ) is in dependent 
o f  M a  o r  0 i ,  there appears to  b e  a trend tow ards a lon ger  w avelength  at h igher M ach  
num bers. It is n ot e x p ected  that the d ow nstream  waves w ou ld  scale w ith  the upstrea m  
gyro -rad iu s bu t we in c lu de  F igure 5.2b here to  b e  consisten t w ith  F igures 5.3 , 5.4, and  
5.5. F igure  5.2c show s th at the dow nstream  w avelength  beg in s around  10p 2 at low  M ach  
num bers and  appears to  asym p tote  to  ~  5p 2 at h igher M ach  num bers. F igure 5 .2d  show s 
the sam e b eh a v ior  fo r  the stream ing  gyro-radius n orm alization  as in  F igure 5 .2c w ith  the 
m a gn itu de  redu ced  b y  a fa ctor  o f  2 .
H ow ever, the d ifferent norm alizations do  n ot appear to  b e tte r  organ ize the data. T h e  
redu ction  in scatter at h igh  M ach  num bers in 5.2c and  5.2d  is due to  the increase in the 
norm alization  len g th  (p 2 and  p ,)  w ith  M ach  num ber. I f  the w avelength  tru ly  scaled w ith  
the therm al or s tream ing  gyro -rad iu s then there shou ld  also  b e  a redu ction  in  scatter  o f  the 
data  po in ts  at low er M ach  num bers but this is n ot observed . It m ight b e  n o ted  that any 
d ep en d en cy  on  the u p strea m  ion  be ta  cou ld  show up as a var ia tion  in the figure in F igure 
5.2b (as w ell as in  F igures 5 .3b , 5.4b , and  5 .5 b ). T h is is becau se  the therm al gyro-rad ius 
is a fu n ction  o f  fi for  a given  M ach  num ber. H ow ever, n o var ia tion  o f  s ign ificance is seen 
oth er  than  an increase in  the scatter o f  the poin ts .
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Downstream Wavelength
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F i g u r e  5 .2  T h e  d ow n stream  wavelengths as a fu n ction  o f  the A lfv e n  M a ch  nu m . 
b e r  n orm alized  to  a) the u pstrea m  ion  inertia l len gth  ( c /w ^ ) ,  b )  th e  u p strea m  
th erm a l gyTO-radius O ) ,  c ) the dow n stream  gyro -rad iu s (p 2) ,  an d  d ) the s tream ­
in g  g yro -rad iu s  (p , ) .  T h e  circles are the average values o b ta in e d  at d ifferent tim es 
in  s im u la tion  runs and  the error bars show  the range o f  values m ea sured .
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5.2 Scale lengths of Magnetic Field, Density, and Velocity Jumps
F igure  5.3 show s the scale length  o f  the ju m p  in the m a gnetic  field m a gn itu de  as a 
fu n ction  o f  M ach  num ber  w ith  the sam e n orm alizations as in F igure 5.2. T hese figures 
show  that the m a gnetic  field  ju m p  does n ot scale to  any o f  the natural scales o f  the 
p la sm a. In  general, the m in im um  length  for the m agnetic  field ju m p  is ap p rox im a te ly  the 
w avelength  o f  the upstrea m  waves. T h e  m agnitude o f  the m a gnetic  field as com p u ted  from  
the u n sm ooth ed  m a gnetic  fields is used to  estim ate the length  o f  the m a gnetic  field  ju m p . 
T h e  p resen ce o f  the u pstrea m  waves tends to  obscu re the m agnetic  fie ld  tran sition  in m any 
cases y ie ld in g  m uch  larger scale lengths. T hus, the low er b ou n d s o f  the d a ta  p o in ts  p lo tted  
in F igure  5.3 m ay b e  the best estim ate o f  the actual m agnetic  fie ld  ju m p  bu t this w ill be  
fa irly  sensitive to  h ow  the d a ta  is filtered. For the analysis p erform ed  for th is study the 
len gth  o f  the m a gnetic  field ju m p  is bou n d ed  be low  b y  the u p strea m  w avelength  and  is 
m u ch  less than the d ow nstream  w avelength.
Figure 5.4 and  5.5 show the density  an d  ve loc ity  ju m p  scale len gth s, respectively , as 
a fu n ction  o f  the A lfven  M ach  num ber w ith  the sam e n orm alizations as in  F igure 5.2. It 
can  b e  seen th at the p lots  in b o t h  figures are very sim ilar. This is to  b e  ex p ected  since the 
norm a l flow  ve lo c ity  m ust fo llow  the inverse o f  the density  in order  to  satisfy the continuity  
equ a tion . T h e  scale length  o f  the p la sm a (density  and  ve lo c ity ) ju m p  is larger than  the 
n a tu ra l scale lengths o f  the shocks bu t does n ot appea r  to  b e  b e tte r  o rga n ized  by  any o f  
th em . F igure 5 .4a  show s that the ju m p  can  be , bu t is n ot alw ays, m uch b road er  in the 
v ic in ity  o f  the transition  M ach  num ber (2  <  M A <> 4 ). F igure 5 .4d  show s th a t the shock 
w id th  is on  the order  o f  ten  tim es the stream ing gyro-radius for very  low  M ach  num bers 
a n d  is s lightly  larger than the stream ing gyro-radius for  higher M a ch  n u m bers. T h is  is in 
agreem ent w ith  the observations o f  Scudder et al. (1984).
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Magnetic Field Scale Length
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F ig u r e  5 .3  M agn etic  field ju m p  scale length  versus the A lfven  M ach  num ber. 
T h e  sam e n orm alization  used in Figure 5.2 is also used here.
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Density Jump Scale Length
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F i g u r e  5 .4  D ensity  ju m p  scale length  versus the A lfven  M ach num ber. T h e  
sam e n orm alization  used  in  F igure 5.2 is also used here.
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Velocity Jump Scale Length
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F i g u r e  5 .5  N orm al ve loc ity  ju m p  scale length  versus the A lfven  M ach  n u m ber. 
T h e  sam e n orm alization  used  in F igure 5.2 is also used  here.
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5.3 Summary and Discussion
T h e w avelength  o f  the u pstrea m  w avetrain  exh ib its  the sam e trend  as is exp ected  
for a phase sta n din g  w histler from  the co ld  p la sm a d ispersion  relation . H ow ever, the 
w avelength  o f  the sim ulated  waves is consisten tly  larger b y  up  to  a factor  o f  2 for  the 
h ighest M ach  num bers considered . T h is m ay be  due to  one or b o th  o f  tw o physical effects. 
O ne is the slight s low ing o f  the p lasm a in the upstrea m  region . T h is  effectively  reduces 
the M ach  n um ber in the region  where the waves ex ist. F igure 5.1 shows that the phase 
standing  w avelength  is lon ger  for low er M ach  num bers. T h e  oth er  is a nonlinear effect 
due to  the wave fields them selves. T h e  presence o f  the wave increases the m a gnitu de  o f  
the m a gnetic  fie ld  and  h en ce the m agnitude o f  the wave phase speed . Since the phase 
ve lo c ity  is p rop or tion a l to  the wave num ber this t o o  allows a longer wave to  phase stand. 
T h e  p rob lem  o f  the geom etry  and relating these results to  actu a l shocks as discussed  in 
C h ap ter  3 sh ou ld  n o t  arise here. T h is is because c o s # B n «  c o s 0 fcn «  1 so equations 3.1 
and 3.2 are nearly  identical.
T h e  dow n stream  w avelength  is greater than  any o f  the n atural p lasm a scale lengths. 
W h a t determ ines the w avelength  is not know n bu t the study  b y  K a n  and Sw ift (1983 ) 
suggests that their gen era tion  is due to  the firehose instability . T h e  work b y  Q uest (1988) 
also indicates that these waves are generated  by  either the firehose instability , i f  one is 
considerin g  the p la sm a to  b e  a flu id, or tw o stream  instabilities, if  one is exam in ing  the 
k inetic  beh a v io r  o f  the p lasm a. T h e  tw o are m erely  different approaches to the same 
prob lem . T h a t these waves cou ld  s ignificantly  scatter or heat the ions is unlikely since 
their  wavelengths are to o  lon g  (see C hapter 6 and  A p p en d ix  C ). H ow ever, they m ay well 
con trib u te  to  the iso trop iza tion  o f  the ion  tem perature.
T h e  scale len gth  o f  the m agnetic  field ju m p  is on  the order  o f  the w avelength  o f  
the upstrea m  w avetrain  and  m uch sm aller than  the d ow nstream  w avelength . T h e  ju m p
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length  is around 5 tim es the stream ing gyro-rad ius at low  M ach  num bers and less than 
the stream ing gyro -rad iu s at h igher M ach  num bers ( M A 3 ). B ased  on  the results 
presented  in  A p p e n d ix  C this m eans that the ions see the change in the m a gnetic  field  as 
a fairly abrupt d iscon tin u ity  at h igher M ach  num bers. T h is adds w eight to  the ion  heating 
argum ents that w ill be  p resented  in C h apter  6 .
T h e  p la sm a ju m p  is seen to  be  larger than  the natural scale lengths o f  the shock and 
can  be  quite variable , particu lar ly  near the transition  M ach  num ber  (2 <■ M A <  4 ). Part 
o f  the reason for th is is that ab ove  the transition  M ach  n u m ber the shock  beg ins to  exh ib it 
a tim e depen den t b eh a v ior  in the p lasm a ju m p . T h e  p lasm a transition  m ay steepen  to 
approx im a tely  the sam e scale len g th  as the m agnetic  field ju m p  and then  m ay spread 
out m any tim es w ider  be fore  steepen ing on ce  again. T h e  nature o f  this tim e dependent 
behavior is n ot c lear ly  established  and w ill require a m uch  m ore deta iled  analysis o f  the 
sim ulation  results th an  has b een  a ttem p ted  here.
In sum m ary, w avelength  o f  the upstrea m  p recursor wave follow s that ex p ected  for a 
phase standing  w h istler. T h e  prin cipa l ju m p  in the m a gnetic  field is also con tro lled  by  the 
d ispersive p rop erties  o f  the fast m od e  wave. A b o v e  a transition  M ach  n u m ber o f  M A ~  3 
lon g  w avelength  waves appear in  the d ow nstream  region  w h ich  m ay b e  due to  stream ing 
instabilities. T h e  scale  len g th  o f  the ju m p  in the p lasm a density  and n orm al ve loc ity  
com p onen t is large ( L a  10- 20c/u>pt) and variable, particu lar ly  near the transition  M ach 
num ber (2 <5 M A & 4 ).
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C h a p t e r  6 . I o n  H e a t in g
Ions play the dom in a nt role  in  the heatin g  at the quasi-parallel wave due to  their large 
inertia  (as com p a red  to  the e le c tron s). T h e  electrons heat resistively  and M e im portant 
on ly  at low  M ach  nu m bers ( M A <  2 ). A t h igher M ach  num bers resistivity  is insufficient to 
p rov id e  the requ ired  d issipa tion  in the shock  layer. It is the ion , rather than the electron , 
dyn am ics that in teract w ith  the d ispersive waves generated  by  the shock because the 
w avelength  o f  these w aves is m uch  greater than  the e lectron  gyro-radius and the frequency 
is w ell b e low  the e lectron  gyro-freq uency . T hese waves M e an integral p M t o f  the shock 
s tru ctu re and p lay an  im p orta n t role in the dissipation  process.
In  this chapter the ion  h eatin g  in the quasi-parallel collision less shock  is exam ined. 
In  the first section  a su m m M y o f  the ex isting  theories is presented . T h is  is follow ed by  
the sim ulation  results fro m  w hich  a  pow er  law  equation  o f  state is em pirica lly  derived. 
T h e  sim ulation  results M e first describ ed  in general and  then tw o representative cases, one 
su b critica l and  one su p ercritica l, are exam ined  in m ore detail. This critica l M ach  num ber is 
the on e  at w hich  the firehose insta bility  criter ion  is first m et and occurs M oun d  M A ss 2.5. 
It is fou n d  that the ion  h eating  m ay be  descr ib ed  by  a pow er  law equation  o f  state w ith 
different expon en ts for  the u pstrea m  and dow n stream  p M ts  o f  the transition  region. T h en  
it  is p ro p o se d  th at , b a sed  on  test p M tic le  ca lcu lations, m ost o f  the ion  heating can be  
accou n ted  for b y  fin ite  larm or radius effects w hen the ions encounter the precursor wave 
fields and  the m a gnetic  ram p . T h is m od e l for  the ion  heating is seen to  b e  consistent with 
the results o f  the s im ulation . T h e  m a in  results will then  b e  reca pitu lated  and how they 
relate  to  oth er  theories and  observations w ill be  d iscussed.
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6.1 Existing Theoretical W ork
Several m echan ism s have been  p ro p o se d  for  the ion  heating in the quasi-paralle l shock . 
H ow ever, how  m u ch  o f  the h eatin g  is p ro d u c e d  b y  w hat m echan ism  and un der  w hat con ­
d ition s is as yet u nresolved . T h e  earliest theories relied on  the firehose in sta b ility  in h igh  
b e ta  p lasm as to  generate M H D  turbu len ce  and th ereby  p rod u ce  the n eeded  d issipation . 
Parker (19 61 ) d escr ib ed  the shock  as be in g  tw o counterstream ing  ion  bea m s w hich  are 
firehose u n stab le  (u nd er  appropria te  con d it ion s ). M oiseev  and Sagdeev (1 9 6 3 ) considered  
a h igh  b e ta  (/? ^> 1 ) shock  w here the fast m od e  degenerates in to  an ion  sou n d  wave. T h ey  
a rgued  th at an  ion  sou n d  w ave w ou ld  non lin early  steepen  to  D eb ye  len gth  scales where ion  
re flection  w ou ld  p rod u ce  an irreversible ion  sou n d  w ave train. In  the absence o f  collisions 
the h eating  w ou ld  on ly  be  parallel to  the m a gnetic  field  so this w ou ld  again  lead to  a 
firehose instability .
M an y  authors have w orked  on  theories o f  h igh b e ta  parallel firehose shock s at low  M ach  
num bers (K en n el and  Sagdeev , 1967; K en n el and P etschek , 1968; B erez in  and Sagdeev, 
1969; G a leev  and S agdeev , 1970 and Sagdeev , 1979 ). N um erica l ca lcu la tions su pport the 
genera l features o f  these theories (A u er  and  V olk , 1973). T h ey  also in d icate  that an ion  
sou n d  su bsh ock  w ou ld  b e  requ ired  at h igher M ach  num bers (Ja ck son , 19 83 ). Sim ulations 
have show n  the gen era tion  o f  A lfven ic  turbu len ce  w ith  the onset o f  the firehose instability  
at a b ou t M a  =  3 (K a n  an d  S w ift, 1983 ). H ow ever, this earlier version  o f  the s im ulation  
c o d e  assum ed a zero  tem peratu re , zero  m ass e lectron  fluid so an ion  sou n d  subshock  cou ld  
n o t  ex ist.
T h ese  firehose shock theories d id  n ot in clude the upstrea m  w ave structures or  the 
energetic  ba ck stream in g  particles. B o th  observations and  sim ulations show  that these are 
likely to  p lay an  im p ortan t ro le  in the quasi-parallel shock heatin g  p rocess  (B avassano- 
C a tta n eo  et al., 1986; K a n  and Sw ift, 1983; Q uest e t al., 1983). Lee (19 83 ) p rop osed  a
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self-consistent m odel whereby backstream ing ions generate the h vdrom agnetic  wave flue 
tnations which in turn scatter a n d /o r  accelerate  the backstream ing ions as well as heat 
the bulk plasm a. It has also been  proposed  (K an  and Sw ift, 1983; Q uest et al., 1983) that 
significant ion heating is p rodu ced  by the n on -reson an t and n on -a d iab atic  scattering o f  the 
ions as they m ove through the low frequency  whistler waves in the upstream  p ortion  o f  
the transition  region.
O ther authors have perform ed sim ulations and prop osed  theories for strong quasi­
parallel shocks. Biskamp and W elter (19 72 ) p rop osed  an e lectrostatic  tw o-ion -bea m  insta­
b ility  as responsible for d issipation . T h is instability  is excited  nonlinearly  by the whistler 
wave poten tia l. Forslund and Freidberg (1 9 7 1 ), F orslund et al. (19 72 ), and Forslund et al. 
(1980) p rop osed  a param etric decay o f  the large am plitude w histler waves in to  an ion 
acoustic  wave and another whistler wave as the basic d issipation  m echanism .
M ore  recently  Quest (1988 ) has exam ined  in som e detail the m echan ism  o f  the ions 
being heated  by electrom agnetic  waves w hich  are generated  by stream ing instabilities. He 
considers the shock interface itself as w ell as reflected  or leaked back stream ing ions as can ­
didates for the free energy source for the stream ing  instabilities. T h e  wave characteristics 
p red icted  by his theory m atch  the results o f  s im ulations that he perform ed  quite well. T he 
cases he considered  were 0n n =  0 °, =  1.5 and  1.5 <  M a  <  10.02. In  this study the sam e
waves that Q uest observed were also seen. H ow ever, here a different role  is a ttribu ted  to 
them  in the ion heating process. T he short w avelength  waves in the upstrea m  region  that 
are d iscussed here are not m entioned by  Q uest.
0.2 Macroscopic Characteristics and Equation of State
In  this chapter the results o f  a set o f  num erica l sim ulations are used  to  exam ine the 
m a croscop ic  characteristics o f  the ion heating in quasi-parallel shocks. T he sim ulation
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m od el is described  in A p p en dix  A . T he e lectron  flu id is assum ed to  be  isotrop ic and follow  
the isen trop ic-a d iab atic  equation  o f  state. T he first part o f  this section  describes the 
analysis p erform ed . This will be fo llow ed  bv the sim ulation results.
T he m a croscop ic  characteristics o f  the ion  heating process are exam ined by p lo ttin g  the 
loga rith m  o f  the ion pressure versus the loga rith m  o f  the density in a liod ogram  form at. 
This type  o f  presentation  will show any pow er law dependence in the ion  heating (i.e .
P  =  C p T). For an isotherm al p rocess 7 =  1 and for an isen trop ic-a d iab atic  process 
7 =  5 /3  (assum ing three degrees o f  freedom ). From  these p lots o f  the s im ulation  results 
straight line fits to  the d ata  are approx im ated  to  p rov ide estim ates o f  the exponent 7  in the 
pow er law. It should  be  poin ted  ou t that i f  one is interested in how the tem perature varies, 
this t o o  can  be obta in ed  from  the pressure-density  p lots . From  the defin ition  P  =  n k T  the 
ab ove  equation  becom es T  -  C 'p y ~ x. Thus the p lots o f  the loga rithm  o f  the tem perature 
versus the loga rith m  o f  the density w ou ld  b e  identical to  the pressure-density  p lots w ith  
the slope , 7 , replaced  by  7 -  1 .
In the analysis perform ed  and the results to  be  presented, the ion  d istribu tion  function  
is hand led  tw o ways for each case considered . In the first m eth od , all ions are in cluded  
in the m om ent ca lcu lations. In the second  m eth od  all ions in the upstream  region  with 
\v — (v)\ >  2 v ,h are rem oved  from  the m om ent calcu lations. T he calcu lations are p erform ed  
using the tota l d istribu tion  fu nction  because this is w hat w ould b e  m easured b y  a satellite 
and  w ou ld  also p rov ide  the results that are pertinent to  single flu id theories. T h e  reason 
for using a truncated  distribu tion  fu nction  is to exam ine what is happen ing  to  the bulk 
o f  the in com in g  d istribu tion  separate from  reflected or  leaked back stream ing particles. 
C ounterstream ing  particles contrib u te large values to calcu lations o f  the second  m om ent 
(p ressure). It is also unclear w hether these backstream ing particles were scattered  locally  
or leaked from  the dow nstream  region . U sing the reduced  d istribu tion  fu nction  enables 
a b e t te r  determ ination  o f  the loca l heating. T he location  o f  the ‘upstrea m ’ region  is
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determ ined by the point where the average density exceeds the upstream  density by a 
factor o f  1.3 to 2.0 (depending on the particu lar case). This is where the principal density 
ju m p  occurs.
S im ulations were perform ed for a num ber o f  quasi-parallel (<?b„ =  10 °), m oderate 
b e ta  (/3 =  0 .5 ) shock cases. The general characteristics o f  all cases will b e  described  first. 
Then  two cases, a sub-critica l ( M A -  2) and a super-critica l ( M A — 4 ), will be  discussed 
in som e detail. These cases are chosen to  be representative o f  the different structures in 
the shock transition  region as functions o f  the M ach num ber. O ther aspects o f  the M A =  2 
and M A =  4 shock cases have been discussed previously  (K an  and Sw ift, 1983; M andt and 
K a n , 1985). T h ese  authors suggest that the ion heating m echan ism  in the quasi-parallel 
shock can be attrib u ted  to non -adiabatic  scattering o f  the ions by the large-am plitude wave 
fields generated  in the shock transition region . This scattering m echan ism  leads to  heating 
o f  the ions w hose gyro-radius and gyro-frequency  are com parab le  to the w avelength and 
frequency o f  the large-am plitude, righ t-handed  w histlers in the transition  region .
A t very low M ach  numbers ( M A <  1.5) the u pstream  wave train has a long  w ave­
length  (A,4) and sm all am plitude. T he heating is coincident w ith  the density ju m p  and 
occu rs over a d istance o f  the order o f  Au . T h e  parallel pressure ju m p  is greater than the 
perpen d icu lar  pressure jum p  and gradually isotrop izes dow nstream . A s the M ach num ber 
increases ( M A % 2 ) the wavelength decreases (to  be  ex p ected  since the whistler wave ex ­
hibits p os itive  dispersion , see Figure 2 .2 ), the am plitude o f  the waves increases (as does 
the m a gnetic  field ju m p ), and heating begins to  o ccu r  upstream  o f  the density ram p as 
ions are scattered  by  the waves.
A b ov e  a critica l M ach num ber o f  M A ss 2.5 another change occu rs in the shock stru c­
ture. K an and Sw ift (1983) showed that near this M ach  num ber the shock becom es firehose 
unstab le . T h e  heating becom es m ore isotrop ic  and a dow nstream  wavetrain begins to  ap­
pear w ith  a w avelength  much longer than that in the upstream  region . T h is dow nstream
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wave train  genera lly  has a fa irly  constant am plitude and  a right h an d ed  p o la rization . T h e  
constant am plitu de  o f  the waves in  the dow n stream  region  in d icates  that there is no strong 
in teraction  betw een  them  and the p lasm a. A t tim es b o t h  u p strea m  and dow n stream  wave­
form s appea r  to  m ix  w ithin  the transition  region . T h e  u pstrea m  waves are phase standing 
in the shock  fra m e while the dow n stream  waves get con vected  dow n stream  w ith  the flow . 
T hese cha ra cteristics  continue to b e  present at larger M ach  num bers.
A b o v e  th is transition  M ach  n um ber, the heating in the u pstrea m  region  continues but 
becom es  a less im portan t part o f  the totcil heating  as the M ach  num ber  increases. H ow ever, 
it still p rov ides a m a jo r  con trib u tion  to the overa ll h eatin g  process . T h e  prin cipa l heating 
occu rs  at the beg in n in g  o f  the density  transition  and is usually  com p le te  b e fo re  the density  
peak  is reached . C hanges in  the pressures o ccu r  on  scales o f  the order o f  the u pstream  
w avelength . C hanges in the m a gnitu de  o f  the m a gnetic  fie ld  also occu r  on  this scale 
(n o te  that these ‘ changes’ in  the pressure, m a gnetic  field , density , e tc . d o  n o t , in general, 
represent the toted shock transition , as som etim es the to ta l transition  is com p leted  in 
m ultiple  steps). T h e  density  transition  is o cca s ion a lly  as short as the m agnetic  field and 
pressure changes, b u t  usually  it is m any tim es longer. T h e  character o f  the ‘h eatin g ’ in 
the dow n stream  region  for  all M ach  num bers is a gradual is otrop iza tion  o f  the plasm a.
W e shall n ow  consider the tw o  cases in  deta il. F igure 6.1 show s profiles o f  the m agnetic  
field m a gn itu d e , the density, and the parallel and  p erp en d icu lar  (rela tive to  the loca l 
m a gnetic  fie ld ) pressures for  the M A =  2.0 case. T h e  flow  is from  left to  right and the 
shock layer rem ains qu a si-stationary  in the sim ulation  fram e. T h e  sim ulation  coord in a te  
is expressed  in  un its o f  the u pstream  ion  inertial len gth  (c/uipi) and all values p lo tted  
are norm alized  to  the upstrea m  value. In this figure all ions are in c lu ded  in the m om ent 
calcu lations. O n e  can  see from  the figure that w ell u pstrea m  o f  the prin cipa l shock ju m p  
there is a large pressure increase near z =  40c/u>pi w h ich  is a ccom p a n ied  b y  very little  
change in  the density . A t this p o in t the wave am plitu de  also experiences a sudden  increase.
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F i g u r e  6 .1  P ro files  o f  a ) m a gnetic  fie ld  m a gn itu d e , b ) p la sm a  density , c ) parallel 
ion  pressure, a n d  d )  perp en d icu la r  ion  pressure for  the M A =  2.0 case at tim e 
T  =  6 0 fir ,1. ( H r ,1 is the inverse o f  the g yro -freq u en cy  ba sed  o n  the n orm al m a gnetic  
fie ld  co m p o n e n t ) . T h e  p ara lle l and  p erp en d icu la r  d irection s are relative to  the lo ca l 
m a gnetic  fie ld  d ire ct ion . A ll  quantities are n orm alized  to  their  a s ym p to tic  u pstrea m  
values.
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T h e heating here is a n isotrop ic  w ith  Py >  P ±  and  m uch greater than  the isen tropic- 
a d iab atic  rate o f  7 =  5 /3 . T h e  flu ctu a tion s in the m a gnetic  field  and  density  in  the 
u pstrea m  region  are characteristic  o f  the w histler m od e  wave w here the density  and  \B\ 
are in  phase.
In  F igure 6.2 are p lo tte d  the parallel and p erpen d icu lar  tem peratures for the M a  =  2 
case. F rom  this figure it appears that the principa l tem peratu re  increase o ccu rs  in the 
u pstrea m  region  and  little  i f  any occu rs at the m ain  density  ram p . T h e  large tem p era ­
tures in  the u pstrea m  region  are due in part to  ba ck stream in g  partic les  w h ich  m ake large 
con trib u tion s to  the ca lcu lation  o f  the second  m om en t o f  the d istr ibu tion  fu nction . F igure
6.5 shows that w ith  these particles rem oved  the p rin cipa l tem peratu re  increase for the 
bu lk  o f  the in com in g  p lasm a actu ally  o ccu rs at the m ain  density  ju m p . A lso  in cluded  in 
F igure 6.2c is a scatter  p lot o f  the n orm al com ponen t o f  the ion  velocities . T h is show s the 
b a ck stream ing  particles  as w ell as the tlierm alization  (sprea d in g ) o f  the m ain  part o f  the 
d istr ibu tion  in  the u p strea m  region .
F igure 6.3 show s p lots  o f  the loga rith m  o f  the pressures versus the loga rith m  o f  the 
density  for the paralle l and p erp en d icu lar  pressures respectively . A ll o f  the in form a tion  in 
F igures 6.1b  and c is con ta in ed  in F igure 6.3a  and sim ilarly for F igure 6 .Id  w ith  F igure 
6 .3b . F rom  these figures one can  see the tw o stages o f  h eatin g , the u pstream  (left side o f  
p lo ts ) and  dow n stream  (righ t side o f  p lo ts )  sides o f  the transition  region . T w o  lines are 
draw n  on  each figure for reference pu rposes representing 7^1 =  14, 7 2| =  1.2, 711 =  6.5, 
and  72x =  1 4  for the u pstrea m  parallel, dow n stream  paralle l, upstrea m  perpen d icu lar , 
and  d ow nstream  p erp en d icu lar  exponents respectively . T hese lines are an eyeba ll fit to the 
d a ta  in each  region . T h ese  p lo ts  in d icate  that in  the first stage the heating  is p redom in an tly  
parallel. F or reference, curves w ith  slopes o f  7  =  5 /3  and 7 = 1  are draw n in the lower 
right c o m er  o f  each  figure.
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F i g u r e  6 .2  P lot o f  the a ) p arallel and  b )  p erp en d icu la r  tem peratu res an d  c )  a 
scatter  p lo t  o f  the n orm al ve lo c ity  co m p o n e n t for the M a  =  2 case.
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F i g u r e  6 .3  P lo t o f  the loga rith m  o f  a) the p aralle l pressure, and 
b )  the perp en d icu la r  pressure versus the log a rith m  o f  th e  ion  density  
in h o d o g ra m  style form a t for the M A =  2.0 case. R eferen ce  curves 
for  pow er  law  exp on en ts  w ith  7  =  5 /3  and  1 are d raw n  in the low er 
r igh t-h a n d  co m e r.
R e p ro d u ce d  with p e rm issio n  of the copyright owner. Fu rthe r repro du ction prohibited without p erm ission .
74
Bulk Ions
0.0 25.0 50.0 75.0 100.0 125.0 150.0 175.0
b)
0.0 25.0 50.0 75.0 100.0 125.0 150.0 175.0
Z (ion inertial lengths)
c)
0.0 25.0 50.0 75.0 100.0 125.0 150.0 175.C
Z (ion inertial lengths)
d)
/ V ^
0.0 25.0 50.0 75.0 100.0 125.0 150.0 175.0
Z (ion inertial lengths)
F i g u r e  6 .4  Sam e as F igure  6 .1 , b u t  w ith  ba ck stream in g  and  e: 
ergetic  particles  rem oved  fro m  the ca lcu la tions in  the u p strea m  r 
g ion .
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In  F igure 6.4 the results show n in F igure 6.1 are r ep rod u ced  w ith  the back stream ing  
and  energetic  ions rem oved  fro m  the calcu lations in  the upstrea m  region . O ne can see by  
com p a rin g  F igure 6.4 to  F igure 6.1 that while th e  m a gn itu d e  o f  the increase is substantia lly  
less th an  that in  F igure 6.1, the pressures still exp erience  a large increase w ell upstrea m  
o f  the m a in  shock ju m p . T h is  dem onstrates that the bu lk  o f  the p la sm a is heated  to  som e 
degree in the u p strea m  region . T h e  large pressures there Eire n ot due solely  to  h igh  energy 
or coun terstream in g  particles. F igure 6.5 show s the tem peratu res ca lcu lation  from  the bulk  
o f  the d istr ibu tion . H ere the prin cipa l tem peratu re change is at the m ain  ram p . F igure
6.6 show s h odogra m s o f  the pressures and  densities for this ca lcu la tion . C om parison  w ith 
F igure 6.3 show s that the result o f  using a redu ced  d is tr ib u tion  fu n ction  is to  slightly  reduce 
the value o f  the exp on en t in  the upstrea m  region . T h e  value characteriz ing  the d ow nstream  
region  has in creased  and  the heating at b o t h  stages appears to  b e  m ore  isotrop ic . H ow ever, 
the d istin ction  o f  the u pstrea m  region  having  the larger exp on en t rem ains.
F igure 6.7 show s profiles o f  the m a gnetic  fie ld , density , and pressure com ponen ts for 
the h igher M ach  num ber case ( M a  =  4 ) . T h e  pressure profiles show large upstream  
pressures in the u p strea m  region  and the sudden  h eatin g  where the density  beg ins to  
increase. T h e  h eating  in  this case has P|| >  P ±  in  the u p strea m  region  bu t results in  a 
fairly  isotrop ic  d ow nstream  d istribu tion . F igure  6.8 show s the paralle l and  perpen d icu lar  
tem peratures. A ga in  the large tem peratures u p strea m  are prim arily  due to  back stream ing  
particles and  the largest tem peratu re ju m p  occu rs  at the maun ram p  as can  clearly  b e  seen 
in F igure 6.11 where the tem peratures for  the bu lk  o f  the d istr ibu tion  are p lo tted . T h e  
phase space scatter p lot in F igure 6 .8c also shows a very defin ite spreading in  the bu lk  o f  
the d istr ibu tion  in  the u pstrea m  region . F igure 6.9 show s the h od ogra m s o f  the pressures 
and  density  for  this case. O ne can  see that the pressures increase an order o f  m agnitude 
b e fore  the density  experiences a significant change. A t  the p rin cip a l density  ju m p  the 
com pression  is betw een  ad iabatic  and isotherm al.
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F i g u r e  6 .5  P lo t  o f  the a ) para lle l an d  b )  perp en d icu la r  tem p er ­
atures o f  the b u lk  o f  the io n  d is tr ib u tion  fu n ction .
R e p ro d u ce d  with p e rm issio n  of the copyright owner. Fu rthe r repro du ction prohibited without perm ission .
77
Pressures vs Density, bulk Ions
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F i g u r e  6 .6  Sam e as F igure 6.3, bu t w ith  ba ck stream in g  an d  en­
e rgetic  p artic les  rem oved  fro m  the m om en t ca lcu la tions in  the u p ­
s tream  region .
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F i g u r e  6 .7  Sam e as F igure  6.1, b u t  for the M a  =  4 case at 
T  =  5 0 f l7 l .
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F i g u r e  6 .8  Sam e as Figure 6.2, b u t  for the M a  =  4 case.
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Pressures vs Density, all Ions
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F i g u r e  6 .9  Sam e as F igure  6 .3 , b u t  for  the M a  =  4 case.
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F i g u r e  6 .1 0  Sam e as F igure 6 .4 , b u t  for the M a  =  4 case.
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F igure 6.10 , 6 .11 , and 6.12 show the sam e profiles for the bu lk  o f  the u p strea m  p ar­
ticles. T h e  pressures in  the u pstream  region  here are clearly  m uch  less than  for the full 
d istr ibu tion  and  are m ore isotrop ic . T he exponents one obtain s from  F igure 6.12 sue som e­
w hat redu ced  in  the u pstrea m  bu t the sam e for the dow n stream  region  as com p a red  to 
F igure 6.9 . T h e  signature o f  the tw o stages o f  h eatin g  w ith  that in the u pstrea m  being 
m uch  greater than  the ad iab atic  rate and that in  the dow n stream  be in g  near the ad iab atic  
rate  rem ains.
F igure 6.13 show s the results o f  d eterm inations o f  the pow er law  coefficien ts for  a 
num ber  o f  s im ula tion  runs. T he results o f  u sing the fu ll and redu ced  d istr ibu tion  functions 
Eire in d ica ted  by  the circles and triangles respectively . T h e  values o f  the pow er law coeffi­
cient w ere determ in ed  from  p lots  such as those in F igures 6.3, 6 .6 , 6.9, and  6.12. For those 
cases w here the exp on en t for the parallel and perpen d icu lar  pressures d iffered that average 
is p lo tted . T h e  lines p lo tted  are least squares fits to  each  o f  the sets o f  po in ts . T h e  slopes 
for the lines representing  the u pstream  expon en ts are 5.7 and 1.5 and the correlations were 
0.96 and  0.82 . In  the d ow nstream  the slopes were b o th  —1.1 and  the correlations —0.73 
and - 0 .4 1 .  T h e  com p le te  ion set show ed the higher correlation . T h is shows that the 
exp on en t cha racteriz ing  the heating in the dow n stream  part o f  the transition  seem s to  be  
som ew here b etw een  ad iab atic  and isoth erm al and  appears to  b e  in dependent o f  the M ach  
nu m ber  for all b u t  very low  M ach  num bers.
H ow  the exp on en t o f  a pow er law equ a tion  o f  state relates to  en tropy  and  heat p ro ­
d u ction  is d em on strated  in  A p p en d ix  B . It is seen that for a com pression , i f  7  >  5 /3  then 
en tropy  is in creasing  w hile if  7  <  5 /3  it is decreasing. A  m easure o f  the change in en tropy  
b etw een  tw o  sta tes is the ra tio  o f  tem peratures. H ow ever, th is does n ot p rov id e  m uch in­
fo rm a tion  on  h ow  m uch  heating is occu rr in g . A  m easure o f  h ow  m uch  h eating  is occu rr in g  
in  a change o f  sta te  is the d ifference in  tem perature betw een  them . So the results ob ta in ed  
from  F igures 6 .3 , 6 .6 , 6.9, 6.12 , and 6.13 indicate that m ost o f  the en tropy  p rod u ction
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Ion Temperatures
a )
0.0 25.0 50.0 75.0 100.0 125.0 150.0 175.0
Z (ion inertial lengths)
b)
1 - --------T-------------1---------
0.0 25.0 50.0 75.0 100.0 125.0 150.0 175.0
Z (ion inertial lengths)
F i g u r e  6 .1 1  Sam e as F igure 6 .5 , b u t for the M a  =  4 case.
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Pressures vs Density, bulk Ions
Ln(Density)
Ln(Density)
F i g u r e  6 .1 2  Sam e as F igure 6 .6 , b u t for the M A =  4 case.
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Power Law Exponents vs Mach Number
Alfven Mach Num ber
F i g u r e  6 .1 3  Pow er law  exp on en ts  as a function  o f  M A for  a) the 
u p strea m , and b )  the dow n strea m  portion s  o f  the sh ock  tran sition  
reg ion . T h e  solid  lines represent the least squares estim a tes to  the 
p o in ts  p lo tte d .
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occu rs  in  the u pstrea m  part o f  the shock  transition  region . In  the dow n stream  part the 
en tropy  o ften  decreases , b u t  the net change in  en tropy  for the entire  transition  is always 
p os itiv e . Since it is the difference in  tem peratures that determ ines the am ount o f  h eating , 
F igures 6.5 and  6.11 show  that m ost o f  the heating  occu rs  at the prin cipa l ram p  w hich  we 
have considered  t o  b e  in the dow n stream  p art o f  the sh ock  transition  region .
6.3 Ion Heating Mechanism
M o st theories p u t fo r th  to  exp la in  the ion  heating  in the quasi-paralle l collision less 
shock s rely  on  instabilities and  w ave partic le  in teraction s to  p rov id e  the d issipa tion  required  
b y  the R an k in e-H u gon iot equ a tion s. T h e  quasi-paralle l shock  abou n ds w ith  different wave 
s tructures (R u sse ll and H op p e , 1983 ), m a ny o f  w hich  m ay relate d irectly  to  the physical 
p rocesses  in the shock . It is suggested  here that the h eatin g  can  b e  accoun ted  for  by  the 
d ispersive cha ra cter o f  the w histler wave and  fin ite la rm or  radius effects. T h e  d ispersive 
n ature o f  the w histler wave con tro ls  the scale length  o f  the m a gnetic  field  structures at the 
shock . T h e  finite larm or radius effects result in  n on -a d iab atic  m o tio n  and heating  o f  the 
ions as th ey  traverse the m a gnetic  field  structure o f  the shock .
T h e  in teraction  o f  in d iv id u a l particles  w ith  various static  m a gnetic  field  structures is 
exam in ed  in A p p e n d ix  C using  test p artic le  ca lcu la tions. It is fou n d  that the in teraction  
o f  a p a rtic le  w ith  a ju m p  in  the m a gnetic  fie ld  m agnitude over a scale len gth  L b  ^  p» can  
result in  a significant am ount o f  h eating and  cou ld  even  reflect the particle . T h e  R ankine- 
H u gon iot equa tions pred ict the m a x im u m  ra tio  o f  the dow n stream  therm al ve lo c ity  to 
the u p strea m  flow  v e loc ity  to  b e  0.612. F or the sim ple, idea lized  m od e l w ith  a perfect 
d iscon tin u ity  this can  b e  accom p lish ed  b y  a change in the m a gnetic  field  angle o f  33° as 
can  b e  seen in F igure C l .2  in A p p e n d ix  C . E xam ina tion  o f  the s im ulation  results show 
that the change in m a gnetic  fie ld  angle across the shock  is approx im a te ly  30° at low  M ach
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num bers and  can  b e  up to  70° at h igher M ach  num bers. I f  the m a g n et ic  field  ju m p  at 
the shock is n arrow  en ough , finite larm or radius effects can  thus easily  account for the 
requ ired  heating . T h e  results o f  C h ap ter  5 show  that at h igher M ach  num bers L q <  pB so 
the partic le  b eh a v ior  is sim ilar to that for  a p erfe ct discontinu ity . A t low  M ach  num bers 
5p , <, L b  ^  10p a, bu t m uch less heatin g  is requ ired  so that the n on -a d ia b a t ic  ion m otion  
can  still accoun t for  it.
T h e  presence o f  the u pstrea m  w ave tra in  in  the sh ock  increases the a m oun t o f  h eating  
that can  b e  p rod u ced  as is dem on strated  in  A p p e n d ix  C . H ow ever, the tim e independent 
m a gnetic  field  structure left the tran sm itted  partic les  g yro -p h ase  b u n ch ed  i f  the w avelength  
and m a gnetic  ram p scale length  w ere less them 1-2/5, .  It is en tirely  p ossib le  that the 
tem p ora l flu ctu a tion s and spatial n on -u n iform ities  that o ccu r  in  space plasm as an d  the 
sim ulation  m od e l cou ld  accoun t for the a d d ition a l phase angle scattering  n eeded  to p rod u ce  
a tru ly  therm al d istr ibu tion . It is also possib le  that a gyro -ph ase  bu n ch ed  d istr ibu tion  
will lead  to  instabilities w hich  random ize the phases. T h e  sim ulation  results need to  be 
re -exa m in ed  for  ev idence o f  gyro -ph ase  bu n ch ed  particles . I f  they are absent then it is 
reasonab le  to  conclu d e  that it is due to  the tem p ora l and  spatia l inhom ogeneities.
6.4 Summary and Conclusions
A  b a la n ce  betw een  non linear steepen ing  an d  d ispersion  controls  the scale len g th  o f  
the m a gnetic  field  transition  at the sh ock  w h ich  in turn  determ ines the n atu re o f  the ion  
heating . A t very low  M ach  num bers the d ispersive scale len gth  is very lon g  and  determ ines 
the thickness o f  the m a gnetic  field  and  p la sm a ju m p s  at the shock . A s the M ach  n u m ber 
increases the d ispersive scale length  becom es  shorter and  the u pstrea m  waves b e g in  to 
in teract m ore  s trongly  w ith  the p la sm a as their  w avelength  approaches th e  stream ing gyro- 
rad ius on  the u pstream  side. T h e  in teraction  o f  the in com in g  ions w ith  these waves results
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in  a large en tropy  increase and som e am ount o f  heating in the u pstrea m  region . F rom  Heos 
1 and O g o  5 observation s o f  a quasi-parallel b ow  shock G reen stadt e t al. (19 77 ) p o in ted  
ou t that the ions experienced  som e therm alization  in the region  u pstrea m  o f  the shock 
transition . T h om sen  e t al. (1985 ) also repor ted  a sim ilar p h en om en on  in m ore  oblique 
shock s.
These results Eire not entirely inconsistent with the existing theories. The waves that 
are considered by Quest (1988) have very long wavelengths Emd axe not expected to interact 
very strongly with the plasma. It is noted, however, that the conditions at the shock favor 
generation o f  these waves through streaming instabilities so it is reasonable to expect 
that they axe still Ein integral pEirt o f the shock structure if not Ein important pEirt o f the 
dissipation mechanism. The upstream waves discussed by Quest are occasionally (but not 
consistently) seen in the simulations performed here but Eire always o f very snuill amplitude. 
The shorter wavelength waves that Eire considered here are not mentioned by Quest.
It is seen that while the principal temperature increase (determined by T2 -  T\ rather 
thEm T 2/ T i) occurs at the main shock ramp, a considerable Eunount o f heating occurs in 
the region upstresim o f the shock ramp. Relating this to the discussion on entropy and 
the equations o f state presented in Appendix B, this shows that the entropy production 
for the shock occurs mainly in the upstream region. At the principal shock ramp the 
compression is seen to be much closer to the isentropic-adiabatic rate. This is consistent 
with the scenario that the particles are scattered and heated by the upstresun wavetrain 
and are then compressed where the magnetic field experiences a permEuient increase in 
magnitude.
In  con clu s ion , we have exam ined  the characteristics o f  the ion  heating ba sed  on  sim ­
u la tion  results o f  m od era te  be ta  (/3 =  0 .5), quasi-parallel ( 0Bn =  1 0 °) , collision less shocks 
fo r  M ach  num bers ranging from  M A =  1.2 to  8.0. T h e  h eating  is seen to  occu r  in  two 
d istin ct stages w ith  m ost o f  the en tropy  p rod u ction  for  the shock  be in g  accom plished  in
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the first stage w h ich  can  b e  characterized  by a p o ly trop ic  equ a tion  o f  state w hose exponent 
is m uch greater than  the isen trop ic-a diab atic  value. T h e  com pression  at the m ain  shock 
ju m p  is generally  seen to  b e  betw een  ad iab atic  and isotherm al. T h e  nature o f  the heating 
is consistent w ith  the h ypoth esis  that the heating is due to  fin ite la rm or radius effects and 
the d ispersive cha ra cter o f  the fast m od e  shock as the particles en cou n ter the u pstream  
w avetrain  and m a gnetic  ram p .
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C h a p t e r  7 . D i s c u s s i o n  a n d  C o n c lu s io n s
T h e  o b je c t iv e  o f  th is thesis is to  resolve som e o f  the unansw ered questions concern ing 
th e  quasi-paralle l collision less sh ock  wave. In cond u ctin g  this study  a sim ulation  m od el is 
used  and it shou ld  be  kept in  m in d  that the results from  the s im ulation  m odel are lim ited  
b y  the constra in ts  im p osed  u p o n  it . In  b r ie f, the s im ulation  assum es a one-dim ensional 
geom etry , the electron s are inertialess, and  h igh  frequency  (u> J> wpe, f l e) rad iation  is 
neg lected .
It has b een  d em on strated  that the sim ulation  m od e l can reprod u ce  reasonably well 
the sam e structures that are observed  b y  satellites in the interp lanetary m edium . T his 
is d on e  ex p lic itly  for the m a gn etic  field  profiles o f  three specific cases in C hapter 3. It is 
a lso  seen from  the results o f  C hapters 5 and  6 that the qua litative character as obta in ed  
from  the observation s is also seen in the s im ulation  m od el. T h e  d iscrepancies betw een the 
ob served  an d  sim ulated  results m ay be  exp la in ed  b y  the assum ptions m ade concern ing the 
geom etry  o f  the sh ock  and the sim ulation  m od e l. It appears that the wave norm al for the 
precu rsor  waves m ay b y  aligned  w ith  the upstream  m agnetic  field rather than w ith  the 
sh ock  n orm a l as is usually  assum ed.
T h e  effects o f  usin g  three d ifferent e lectron  equations o f  state an d  their relationship to  
the e le ctrostatic  p o ten tia l ju m p  are considered  in C hapter 4. It is fou n d  that the expected  
po ten tia l ju m p  due to  the C G L  equ a tion  is unphysica l in  that it has negative values w hich  
w ou ld  accelerate ion s th rough  the shock . P rom  the sim ulation  results the effects o f  the 
three equa tions sire v ery  sim ilar for low  M ach  num ber. A t higher M ach  num bers (M a  3) 
on ly  the iso trop ic  p ow er  law equ a tion  o f  sta te  behaves reasonab le  in  the sim ulation. D ue to  
their im p licit an isotrop ies the C G L  an d  C C G L  equations generate large electric fields w hich
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d estroy  the sh ock  s tructure. T h e  values o f  po ten tia l ju m p  ob ta in ed  from  the sim ulations 
fo llow  the e x p ected  values qu ite  well.
T h e  w avelengths o f  the u p strea m  an d  d ow n stream  w aves as well as the scale  lengths o f  
the ju m p s  in  the m a gnetic  field  m a gn itu d e , the density, and  th e  n orm a l flow  ve lo c ity  were 
e xam in ed  as a fu n ction  o f  the A lfv en  M ach  n u m ber  for  shocks w ith  8  Bn =  10° an d  0  =  0.5. 
T h e  w avelength  o f  the u pstrea m  waves fo llow s that p red icted  for  a phase sta n din g  w histler 
very  w ell b u t  are arou n d  a fa c to r  o f  2 to  large. T h is  m ay b e  exp la in ed  b y  the redu ction  
in  the flow  near the sh ock  a n d /o r  non lin ear  e ffects. T h e  w avelength  o f  th e  dow n stream  
waves w h ich  appea r  for  M A k, 2 .5 are 2-3 tim es the stream ing g yro -rad iu s an d  appear to  
b e  o therw ise in depen den t o f  the M ach  n u m ber . T h e  scale length  o f  the m a gnetic  field  ju m p  
is on  the order  o f  th e  upstrea m  w avelength . T h e  scale length  o f  the p la sm a ju m p  is ab ou t 
10p ,  at low  M ach  n um bers and  around 1 — I p ,  at higher M ach  n u m bers. P a rticu la rly  near 
the tran sition  M ach  n u m ber ( M A ~  2 .5 ) w here its w id th  can  b e  the la rgest, the p lasm a 
ju m p  len gth  tends to  vary w ith  tim e. T h is  tem p ora l beh a vior is an osc illa tion  in  the shock 
th ickness as it steepens to  near the d ispersive scale length  and then  relaxes to  scales m any 
tim es larger be fore  steepen in g  again .
T h e  cha ra cteristics  o f  the ion  h eatin g  were stud ied  in C h apter  6 . It was fou n d  that 
the ion  heatin g  o ccu rs  in  tw o d istin ct stages, each  o f  w hich can  b e  descr ib ed  b y  a pow er 
la w  coe fficien t. T h e  h eatin g  that o ccu rs in  the upstrea m  p art o f  the tran sition  region  
is associa ted  w ith  the u p strea m  w histler w ave train . T h e  h eatin g  here is m uch  greater 
th an  the isen trop ic-a d ia b a tic  ra te  o f  7  =  5 /3 . T h e  second  stage o f  heatin g  is associa ted  
w ith  the prin cip a l density  ju m p  an d  is cha ra cterized  by an exp on en t that lies w ith in  the 
range 1 <  72 <9 2. I t  is seen that w hile  the largest tem perature increase m ay b e  at the 
m a in  sh ock  ra m p , m ost o f  the en tropy  p ro d u c tio n  for the shock  occu rs  in  the upstrea m  
region . It is su ggested  that the tem p eratu re  increase m ay be  accou n ted  fo r  b y  th e  m a gnetic  
field  structures and  fin ite  la rm or radius effects and  one need  n ot invoke wave instabilities
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to  p rov id e  the d issipa tion . H ow ever, it appears that waves associa ted  w ith  instabilities 
p lay  som e role  in  th e  shock  structure since this seems to  b e  the m ost likely  generation  
m ech an ism  fo r  the dow n stream  waves.
T h e  quasi-paralle l collision less shock  wave exh ib its a large variety o f  com p lex  stru c­
tures. T h is  has led  to  their neg lect in  the study o f  collision less sh ock  waves fro m  obser­
vations because o f  the d ifficu lty  in  iden tify in g  the shock transition . F rom  a s im ulation ists 
p o in t o f  v iew , the large spatia l scales and  lon g  tim e scales that appear to  be  an integral 
part o f  the shock have also m ade their stu dy  d ifficu lt. T heoretic ian s tend  to  con fin e  their 
studies to  extrem e cases (such  as very  low  or very h igh  M ach  n u m bers, / 3 > > l o r / 3 < < l )  
th at are usually  n o t observed  in the solar w ind. It is h op ed  th at this stu dy  has added  to  
the kn ow ledge  o f  the quasi-parallel collision less shock wave.
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A p p e n d i x  A  T h e  S im u la t i o n  C o d e
T h is  a p p en d ix  contains a description  o f  the s im ulation  co d e  that was used  in this 
study. It is a da pted  from  the code  originally  deve loped  by  D . W . Sw ift. F irst the basic  
equ a tion s that are used  in the sim ulation  are form u la ted  in  a system  o f  d im ensionless 
units. T h is  p rov ides the norm alization  for the sim ulation . T h en  th is d im ensionless set o f  
equ a tion s is used to  derive the equations that are to  be  im p lem ented  in  the s im ulation . T h e  
Unite d ifferen cin g  schem es u tilized  and the im p lem entation  o f  the equations are presented  
n ex t. F ina lly , a num ber  o f  aspects and considerations for  actually  runn ing the s im ulation  
are d iscussed
A .l  Normalization of Equations
W h e n  p erfo rm in g  a sim ulation  it is desirable to  form ulate the set o f  equations in a 
system  o f  d im ension less units. W ith  such a system , any given  sim ulation  run actually  
represents an entire class o f  events rather than  any one p articu lar event. Presented  here 
are the ion  equations o f  m otion , the can on ica l m om en tu m  equ a tion , A m p e re ’ s law  (in  
differentia l fo rm ), F a ra day ’s law , and the e lectron  equ a tion  o f  m otion . A ll quantities are 
norm alized  to  the b a s ic  units o f  tim e, m ass, len gth , an d  m a gnetic  fie ld  strength .
W e w ill beg in  w ith  the ion  equations o f  m otion . T h e  equations o f  m otion  for  a charged
partic le  in  arb itra ry  electric  and m agnetic  fields are
d x  _
* = «  (Al.l)
di =-hB+ii ' x8 <A1-2>
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where x  is the p o s it io n  v ector, v is the velocity  vector, e is the electron  charge, M  is the 
ion  m ass, c is the sp eed  o f  ligh t, and E  and B  are the e lectric  and  m a gnetic  fields. (A  1.1) 
and (A 2 .1 )  sire used  t o  integrate the particle  pos ition  and the z -com p on en t o f  the velocity .
W e define the fo llow in g  quantities as our dim ensionless variables: x '  =  x /A , t =  t ' / r ,  
v 1 -- v/u , e — E / ( ,  and  Cl =  B / B 0. Substituting in our d im ensionless variables, we get for 
( A l . l )
100
A dx' 
r  dt'
( A l . l ' ) .
W e desire an equ a tion  o f  the form
dt'
so we m ust have u =  A /r .  For (A 1 .2 )  we get
dx'
=  i?  (A 1 .3 )
dv1 _  e r 2£ _ e r B (
dt' M X  M e  
A ga in  we seek an equ a tion  o f  the form  
dv*
(A 1 .4 )
so  we m ust set r  =  M c/ e B o  and  ^ =  M A /e r 2. Thus we see that the tim e scale w ill b e  in 
units o f  the inverse ion  gyro -freq u ency  based  on the norm alization  fie ld  Bo-
T h e ca n on ica l m om en tu m  pf is used to  integrate the transverse veloc ities  in tim e. 
T h is  is done to  elim inate the d epen den ce o f  the force  on  (th rou gh  the electric  field , 
see (A 2 .1 3 ))  w h ich  leads to  n um erica l instabilities. T he equations are
(A 1 .5 )
(A 1 .6 ).
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F or these equations we require the v ector  p oten tia l A t-  W e define a vecto r  po ten tia l by 
=  V ' x  a t and u p o n  com p a rin g  this to  the usual defin ition  B  =  V  x  A , we see that
A t =  AB 0a t . N ow  lettin g  p it =  r]pit and  recalling the d efin ition  o f  r ,  (A 1 .5 )  becom es
3 ^ * .  = *, + *  (A1.V).
So we set rj =  A eB 0 / c  and ( A l .5 )  and  ( A l . 6), respectively , b e co m e
Pit = v t +  a t (A 1 .7 )
and
^ 7  =  %  x  (A 1 .8 ).
Let us now  consider  A m p e re ’s law  (n eglecting  the disp lacem ent current)
.  _ ( A L 9 > 
w here rij and Uj are the density  and  flow  v e loc ity  o f  the j - t h  species. T h e  disp lacem ent 
current is o m itted  since we are interested  in low  frequency  (uj as <  Q e , u/pe) waves in 
our sim ulation . I f  we define a dim ensionless density  by  N  =  n A A , w here A  is an  area to 
b e  d eterm in ed , then  (A 1 .9 )  b ecom es
V ' X n  =  a  (NiiTi -  N ev!e ) (A1.10)
w here a  =  trX/A and  a  =  A ne2 /M e 2 . T h e  value o f  a  is ad ju sted  to  m in im ize com p utation a l 
tim e while retain ing p h en om en a  o f  interest.
B y  elim inating  th e  m a gnetic  fie ld  in favor o f  the vector  p oten tia l, F a ra d ay ’s law  is
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F rom  this we see that the in d u ctive  electric  field  m ay be  expressed  a 
s  1 9  A
(A 1 .1 2 ).
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In  s im ulation  un its, the transverse fie ld  becom es
-  _  d a t 
£t ~
(A 1 .1 3 ).
N ote  th at in  a one d im ensiona l s im ulation  the transverse electric  fie ld  can  have n o  elec­
trosta tic  com p on en t unless it is externa lly  im p osed  (a ll quantities are fu nction s o f  the 
sim ulation  coord in a te , z , on ly )  and  the z com p on en t o f  the e lectric  fie ld  m ust b e  electro ­
sta tic.
T h e  equ a tion  o f  m otion  for the electrons as a flu id  is
—m ^ = e £  +  - u e x S  +  - V .  P e (A 1 .1 4 )
dt c n e
where P e is the e lectron  pressure tensor and m  is the e lectron  m ass. D efin in g  the dim en­
sionless pressure tensor b y  P e =  0 P (e and d iv id in g  b y  the ion  m ass M , ( A l .1 4 )  becom es
—m  du'. _  _. -* 0 A r 2 ,
_ ^  =  e + < x n  +  _ V - . p ;  (A 1.L4 )
so i f  we let r - m / M  and © =  A M / A t 2 =  a M / a r 2 we get 
du1 -  1 _
~ r ~ w  = e + i f ' x n  +  T e v  P e  ( A 1 1 5 ) -
In  this sim ulation  the electrons are treated  as inertialess so we w ill set r  — 0. N ote  that
the ion  m ass M  is taken  to  be  the norm alized  m ass un it in  (A l .1 5 ) .
It has b een  show n that, in the s im ulation , the ba s ic  m ass un it is the ion  m ass. W e
choose  the com p on en t o f  the m a gnetic  fie ld  p arallel to  the shock  n orm al, B n to  norm alize 
the fie ld . W ith  this the tim e scale , r  =  f l~/ =  , is the inverse ion  gyro-freq u ency
ba sed  on  the n orm al field  com p on en t. T o  determ ine the scaling len g th , A, n o te  that
N a  =  (n A A ) =  (A 1 .1 6 )
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thus we get
A =  a /  N a/ ncr (A 1 .1 7 ).
T h e  quantity  l/^/na  is the ion  inertia l len gth  c/ujpi where ujpi is the ion  p la sm a frequency.
A s an exam ple o f  how  the sim ulation  is scaled , consider the first o f  the interp lanetary 
shock cases d iscussed  in C hapter 3. For this case N  -  25, a  =  5 .2 7 2 (1 0 - 3 ) , n  =  4 c m - 3 , 
and B\ =  7 .8 7 . W ith  these values for the sim ulation  param eters and  the observed  u pstream  
density  and average m agnetic  field strength  the grid  spacing is
and  the to ta l system  length  is 24 ,400km . I f  B  is in units o f  7  then  the tim e scale is
and the to ta l du ra tion  is 188 seconds for this case.
A .2 Derivation of Equations
A  d erivation  o f  the equations used  in  the s im ulation  is presented  fo llow in g  that o f  
Sw ift and  Lee (1983) bu t in c lu d in g  the a n isotrop ic  e lectron  pressure. T o  b e  derived  are 
the z  c om p on en t o f  the e lectric  field , the field  equation  for  the vector  p oten tia l, and the 
ion  equ a tion  o f  m otion . T h e  equations presented  in  this section  are in the dim ensionless 
sim ulation  units.
T h e  e lectrons are treated  as a m assless flu id  o f  finite pressure, therefore  their equation  
o f  m o tio n  is
A x  =  V N a (c / u ;pi) =  2 .2 8 (1 07)y/N a/r>  c m  =  41 .3km (A 1 .1 8 )
r  =  T il2 tt =  1 0 .5 / f l  sec =  1.34sec (A 1 .1 9 )
(A 2 .1 ).
n
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In the presence o f  a m a gnetic  fie ld  in an arbitrary  coord in a te  system , the e lectron  pressure 
tensor m ay b e  w ritten  as
P e =  P e l l  +  (P e|| ~  Pel.) ^  ( A 2 .2 )
w here Pe± and P ey are the scalar e lectron  pressures p erpen d icu lar  and  parallel to  the 
m agnetic  field  and  I  is the unit diad ic.
T h e  s im ulation  is on e-d im en sion a l along the z-ax is. T h is  m eans that all derivatives
w ith  respect to  the x  an d  y  coord ina tes axe zero. So the e lectrostatic  part o f  the field
t e ,  — -  V 0  has on ly  a z com p on en t and from  F a ra day ’s law  the transverse fields m ay be 
expressed  as (A 1 .1 3 )
€t =  ~ l j t  ( A 2 '3 ) ‘
( A l . l )  can  thus b e  w ritten  in com p on en t fo rm  as
£* +  u eyn z - u ezn y +  ^ 2 [ ( P e]| -  P e l_) bx bz] =  0 (A 2 .4 )
e* +  ue z n x -  u exn z +  ~  [(Pell -  P e ± ) 6y6z] =  0 (A 2 .5 )
+  u ex n y -  Ueyn x +  ~ [ ( P e I I  -  Pel.) M z ]  =  0 (A 2 .6 )
where b =  (bx ,b y ,b z ) =  B / B  is the m a gnetic  fie ld  un it vector. B y  solv ing  (A 2 .4 )  and
(A 2 .5 )  for  u ex and  uey respectively , and using (A 2 .3 )  to  elim inate ? t =  (£ x ,e y ,0 )  in  (A 2 .6 ) 
one obta in s for  the z  com p on en t o f  the electric  field
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n ,  d a , 1 9J».II , ( P . !  -  P '± )  ( a(=.£)
W ith  the de fin ition  o f  the v ector  poten tia l, =  V  x  a t , the field  equ a tion  ( A l .1 0 )  
becom es
=  - a ( n u it -  n u e t) (A 2 .8 )
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w here we have assum ed quasi-neutra lity , i.e. m  — n e — n. Prom  the ion  can on ica l m om en ­
tu m  we ca lcu late  the can on ica l m om en tu m  density  as
ift =  Y ^ S ( z -  z k )p kt =  n  {Uit +  St) (A 2 .9 )
w here S (z  -  z k ) is the p artic le  p os it ion  to  g rid -po in t weighting fu nction  (see section  A .3). 
U sing (A 2 .9 )  to  elim inate u n  (A 2 .8 )  becom es
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r a t
(A 2 .1 0 ).
N ow  we m ake use o f  (A 2 .4 )  and  (A 2 .5 )  to  e lim inate uez and uey. T h e  result, in com p on en t 
fo rm , is
r fi n  /-v-n /  fin  f in  1 $ P y Z \d 2a x a n ( d a x , d a y— airx  +  a n a x
n z *I  dt + U 1 ' d z
d 2a v
- a x y +  a n a y
a n  i
f d a v + u
d a x
d z 2 ~ ~  n 7 'y e t  + '~ d f
d 2 at a n .  /  dat da t 1 d P tz \  ,
_  =  (A 2 .1 2 )
w here P tz =  (P Xz ,P y z .0 )  are the x - z  and y -z  com ponen ts o f  the electron  pressure tensor. 
T h e  ion  equ a tion  o f  m otion  is
^  =  z  • (v t  X n t)  +  e z (A 2 .1 3 ).
In  order  to  use (A 2 .7 )  in  (A 2 .1 3 ) we n eed  to  elim inate the term  in volv in g  the tim e derivative
o f  a t . T o  d o  this we take ■ [z  X (A 2 .1 2 )], w hich  after num erous m anipulations yields
I * * ™
N ow  we use (A 2 .7 )  an d  (A 2 .1 4 ) in (A 2 .1 3 ) and  elim inate v t w ith  equ a tion  (A 1 .7 )  to  get
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Pe,| -  P'X
1 d F e|| 
n d z nS}z
\
I d z
d P tz
d z
(A 2 .1 5 ).
a
A .3  Implem entation of Equations
P erform in g  the s im ulation  consists prim arily  o f  in tegratin g  eq u a tion s (A 2 .1 2 ) , (A 2 .1 5 ), 
and  (A 1 .8 )  in tim e. T h e  com p u ta tion s  can  be form a lly  sim plified  b y  w ritin g  the tw o 
transverse c om p on en ts  as the real and im aginary part o f  a co m p le x  n u m ber. W e in trod u ce  
the fo llow in g  defin itions:
o-t a t =  a x +  ia y (A 3 . la )
VLt => n t =  n y -  i d x (A 3 . l b )
* t * =  TTx +  i t y (A 3 .1 c )
Pit - Pit =  Pxi +  iPyi ( A 3 .I d )
P t. P u  =  Pxz +  iPyr (A 3 .1 e ).
W ith  these defin itions we see that z  X a t => ia t and  f2t =  ■ So the fie ld  equ a tion  (A 2 .9 )
becom es
d ? a t . . ia n  ( d a t d a t 1 d P t z \ , . _ -.x
T h e  equ a tion  fo r  the z  c om p on en t o f  the ion  ve loc ity , (A 2 .1 5 ) , can  b e  w ritten  as
< * »
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T he ions axe m oved  b y  integrating (A 1 .3 ).
U p on  using the defin ition  o f  the can on ica l m om en tu m  to  elim inate v t in (A 1 .8 ), we
get
^  =  i { a t - P it) n z (A 3 .4 ).
It we m u ltip ly  (A 3 .4 )  by  ein ,t , u p on  rearranging term s we get
^  (Pite ,n *‘ ) =  i t t z a te ' 0 ,1  (A 3 .5 ).
A  leap frog tim e stepping schem e is used  to  in tegrate the above equations in the 
s im ulation . This allows one to  m ain tain  second  order  a ccuracy  w ithou t in creasing the 
com p u ta tion  tim e over that o f  a first order schem e very m uch. T h e  quantities p n , v z , u z , 
and irt are calcu la ted  at the even  tim e step. T h e  quantities at , P e , and n  are calcu lated  
at the h a lf  tim e step . T h e  pos ition , z , is adva n ced  every h a lf tim e step becau se  particle  
positions are n eeded  at b o th  the fu ll and h a lf tim e steps to  com p u te  the sou rce terms and 
coefficients for the equations to  b e  in tegrated .
T h e  tim e stepping  schem e is as fo llow s: Say we beg in  at the m th tim e step . F irst the 
canon ica l m om en tu m  is advanced . W e use p™  an d  a™+1/,z to  ca lcu la te  p™+1 and p™+1 2^ 
w hich  is the average o f  the o ld  and  new  values. N ow  we advance the v e lo c ity  using v ™, 
P it+1/,2> a r +1/,J) P<T+ l ^ , and n m + i/2 tQ caicu i ate v™+ 1 . T h e  particles are m oved  a h a lf 
tim e step at a tim e. W e use z m +1/ 2 an d  u™+ l to  get z m+1 an d  fro m  this w e also calcu late  
n m +1, u™+ 1 , and 7rJn+1. N ow  the particles  Eire advanced  anoth er  h a lf tim e step to  get 
z m +3/2 F ina lly  the fields are adva n ced  b y  using a™+1 2^ , P™ + 1 , n m +1, u™+ 1 , and 2rJ” +1 
to  get . T h en  the process repeats  itself. T h e  electron  pressure is ca lcu lated  at the
even tim e step b y  calcu lating  a p rov ision a l vector  p oten tia l from  the o ld  e le c tron  pressure 
(a t the h a lf tim e step ) since it is fou n d  from  the density  and  fields v ia  the equations o f  
state ( i f  P e is an isotrop ic ).
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T h e fie ld  equ a tion  (A 3 .2 )  is im p lem ented  using a fu lly  im p licit , second  order accurate 
(in  t im e ), fin ite differencing schem e. U sing an im p licit schem e m akes the com p u ta tion  
u n con d ition a lly  stable for any tim e step or grid  size (assum ing  constant coefficien ts and 
source term s in  the equ a tion ). (A 3 .2 )  m ay b e  w ritten  as fo llow s
ian da* , . , ia dP*z ,, „—  —  =  L M +  (A 3 6)
where the op era tor  L  is
T h e  fin ite  d ifference im p lem entation  o f  (A 3 .7 )  is
w here A t  is the tim e step. O n  a fin ite grid  the derivatives w ith  respect to  z b ecom e
| f  ^  - / j - i )  (A 3 .9 . )
and
0  => f j+ l  -  2 f j  +  (A 3 .9 b )
w here j  is the grid  p o in t and we have set the grid  spacing , A z , equa l to  unity. So the field 
e qu a tion  becom es
. m + 3/2 „ +  m + 3/2 r  m+3/2 _  . m+1/2 „ +  m + 1/2 r  m + l/2
~ A i a j +1 +  aj ~  ° i a j -1  -  A i a j+ i  “  aj +  L i a j - 1
2ir» d P m +l
+ 2  ( A 3 . i o )
2 n z
2 *
(A 3.11a) 
(A 3 .l i b )
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T h is is so lved  using the T ri-d iagona l algorithm . N ote  that since we specify  the value o f  f i t 
at the b ou n d a ries , this fixes so we have N eum ann  bou n d a ry  cond ition s.
A n  ex p lic it  schem e is used to  advance v z . So, (A 3 .3 )  in fin ite  d ifference form  is
^ ) p
1 8 PelI 1 dSl2 \ d (  Pell -  P e l   ___
n  d z  I a n  dz ^  n  d z  \  f i 2
T h e  can on ica l m om en tu m  equation  (A 3 .5 )  becom es
(A 3 .1 2 ).
P u + 1  =  P u e ~in ' At +  iAt<zm + 1/2n 2ein *At/2 (A 3 .1 3 ).
T h e  partic le  p os it ion , z , is advanced  a h a lf tim e step b y
T + l  (A 3 .14a)
and
zm+3/2 =  2m + l +  (A 3 .1 4 b ).
T h is  is b ecau se  the density  is needed  at the h a lf tim e step to  solve equ a tion  A 3.8  and at 
the even  tim e step to  solve equation  A 3.12.
T h e  p a rtic le  in cell schem e is the w eighting fu nction  used to  com p ute  m om ents for 
the s im ulation  grid  and is given  by
S ( z  -  zk ) =  S ( z  -  j k) (1 -  z k +  j fc) +  6 ( z  -  j k -  1) ( z fc -  j fc) (A 3 .1 5 )
w here z k is the p osition  o f  the k th particle , z is the p os it ion  coord in a te , j k is z k truncated  
to  an  integer an d  S( ) is the usual D irac delta  fu nction . T h is  is a sim ple linear in terpolation . 
T h a t is, the partic le  quantities are w eighted to  the tw o nearest grid  poin ts  accord in g  to
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how  close to  th em  th ey  are. G rid  poin t quantities are w eighted  to the particle  position s in 
the sam e m aim er.
A .4 The Simulation Domain
T h e  system  o f  eq u a tion s describ ed  in the previous sections covers the m athem atics 
and  finite d ifferencing  schem e that goes in to  the s im ulation  m od el. H ow ever, there is m ore 
to  do  in order  to  use these equations in a w orking m od el. T h is  section  discusses h ow  the 
b ou n d a ries  are h a n d led , how the sim ulation  is in itialized , and  a coup le  o f  o ther tricks used 
to  keep the sim ulation  under control.
Since the sh ock  n orm al angle is relatively  sm all for all o f  the sim ulations run  in this 
thesis the sim ulations are p erform ed  in the de H offm an-T eller fram e (d e  H offm an and Teller 
1950 ) where (v ]| 5 ). U sua lly  the norm al in cidence fram e is used for quasi-perpendicu lar 
sh ock  runs. S ince the system  o f  equations is norm alized  by  the norm al m agnetic  field 
com p on en t exactly  p erp en d icu lar  shocks can n ot be  run . T h e  sim ulation  is also done in 
the fram e such  that, a ccord in g  to  the R an k in e-H u gon iot equ a tion s, the shock shou ld  be 
sta tionary. T h is allow s the s im ulation  to  evolve for the longest p e r io d  o f  tim e w ithout 
in terference from  the b ou n da ries .
Since the m o d e l u sed  for this sim ulation  is n on -p er iod ic  there are two boundaries 
at w hich  particles m ay enter and  ex it the sim ulation  d om a in . B u ffer zones in  w hich  all 
quantities are assum ed to b e  constant are m ain tained  at each  end  o f  the active sim ulation  
dom a in . T h is  p revents  the d isruption  o f  partic le  orb its  to  near the boundaries w hich 
w ou ld  cause spurious currents and p erturba tion s in the m a gnetic  fields. P article  arrays 
m ust be  large en ou gh  so  that there are plenty o f  particles available to  in ject in to  the system . 
Ina ctive  particles are p la ced  in a reservoir and are n ot m oved  until th ey  are required to  
su pp ly  particles to  be  in je cted  at the boundaries . A t each  tim estep  particles are p la ced  at
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the ou ter b ou n d a ries  (aw ay  from  the active reg ion ) o f  the buffer zone all active particles are 
m oved . T h en , each  p a rtic le  is exam in ed  to  determ ine w hether it is in  the active dom ain , 
the buffer zon e , or in a ctive  in w h ich  case it becom es available for re -in ject ion  in to  the 
system . T h e  bu ffer zon e  is at least one g rid  space wide so that the particles therein can 
b e  used  in com p u t in g  m om en ts for the last active  grid po in t. T h e  buffer zone m ust also 
b e  at least a gyro -d ia m eter  w ide to  p revent d isruption  o f  the orb its  o f  particles that may 
b e  passing in and ou t o f  the active dom ain .
T h e  p articu lar sim ulation  case is defined b y  the param eters M a , 0Bn, 0 ,  and  P e/Pi. 
In  add ition , the tim e step  A t and  the scaling param eter a  determ ine how  well resolved 
the system  w ill be  in  tim e and space. W ith  the upstream  state  specified  the Rankine- 
H u gon iot equ a tion s are solved  num erica lly  to  determ ine the partic le  m om en ts and the 
m a gnetic  field  in  the dow n stream  side. In itia lly , the u p strea m  and dow n stream  states 
are m a tch ed  w ith  a h y p erb o lic  tangent p rod u c in g  a m on oton ic  ram p o f  arbitrary  width. 
T h e  particles are in itia lized  using  a ra n d om  num ber gen era tor  to  ob ta in  a m axw ellian  
d istr ibu tion . T h e  sim ulation  is carried  ou t in  an inertial fram e in w h ich  the shock is at 
rest and  the as ym p to tic  flow  is parallel to  the m agnetic  field. So, in  general, particles will 
enter at the u p strea m  b ou n d a ry  and  exit at the d ow nstream  bou n da ry .
A t high  M ach  n um bers the m a gnetic  fields in the far upstrea m  region  beg in  to  ex­
h ib it very short w avelength  (A «  2 A r )  waves o f  significant am plitude (b u t still less than 
the usual shock a ssocia ted  wave am p litu d es). A lso  perturba tion s in  the fo rm  o f  density 
dep letions fo rm  in this region  and  are then  convected  dow n stream  w ith  the flow . Runs 
were m ade in w h ich  a th ird  order  w eighting schem e (e . g. A b e  et al., 1986) was used to 
com p ute  partic le  m om en ts . T h is  in  effect constitu tes a sm ooth in g  o f  the source term s for 
the field equ a tion  an d  should d im inish  the p rob lem  i f  it was due to  a feedba ck  instability  
betw een  the partic les  and fields. H ow ever, using a higher order w eighting schem e d id  not
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cure the p rob lem . T h e  p rob lem  was allev ia ted  b y  doin g  a very light filtering  on  the vector 
po ten tia l at each  in tegration . T h e  filter used  is
a ' =  W a j - i  +  (1 -  2W ) a j  +  W a j+ 1  (A 4 .1 )
w here the w eighting fa c to r  W  is less than , bu t on  the order  o f  the tim e step  A t , a is 
the c o m p lex  vector poten tia l, and  the in dex  j  designates the grid  po in t. A p p lica tion  o f  
the V on  N eum ann  sta bility  analysis (e . g. R oach e , 1972) to  the fie ld  equ a tion  (assum ing 
n o  sources and  constan t coe fficien ts) shows that the phase errors ca n  b e  arbitrary  at the 
sh ortest w avelengths. T h is  an d  the fact that filtering ou t the shortest w avelengths in  the 
s im u la tion  indicates that the p rob lem  is due to  d ispersive errors in  the fin ite  d ifferencing 
schem e used  to  in tegrate the field equ a tion . It should also b e  n o ted  th at t o o  m uch  filtering 
results in  a loss o f  short w avelength  features that are an essential p art o f  the sh ock  structure. 
F iltering  o f  the v ector  p oten tia l is also em ployed  over a num ber  o f  grid  p o in ts  near the 
b ou n d a ries . T h is  is done to  m ake the bounda ries  ab sorbin g  so that waves and disturbances 
reaching  the bou n da ries  are n ot reflected  ba ck  in to the system .
T h e  sim ulation  is suspended  at regular intervals to  p rod u ce  d ia gnostic  p lo ts . T yp ica l 
d ia gnostics  in clude the m a gnetic  field profiles , m om ents o f  the ion  d is tr ib u tion  fu nction , 
ion  phase space p lo ts , the e lectrostatic  p oten tia l, currents, and  any quantities w h ich  m ay 
b e  derivab le  from  these. T h e  sim ulation  m ay also b e  used  to  save sp ace -tim e h istories o f  
any quantity . H ow ever, this tends to  require a lo t o f  storage space and  shou ld  b e  done 
ju d ic iou s ly . O ne m a jo r  advantage o f  the sim ulation  is that it is reprod u cib le . A  s im ulation  
run  ca n  b e  r eprod u ced  ex actly  b y  p rov id in g  input iden tical to  a p rev ious run . O ther 
versions o f  the sam e case m ay b e  p rod u ced  b y  either changing  the scaling param eters or 
the seed  integer for  the ra n d om  num ber generator that in itializes the particle  velocities. 
So, any d ia gnostics  that are n ot generated  in a given  run can  b e  p ro d u c e d  b y  an oth er, bu t 
at the cost o f  ad d ition a l com puter  tim e.
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A p p e n d i x  B  E n t r o p y  a n d  t h e  E q u a t io n s  o f  S t a te
T h is  a p p en d ix  discusses how  equations o f  sta te  describ ing  changes o f  state o f  a gas 
relate  to  the change in en tropy  o f  the gas. A n  equ a tion  for the change in  en tropy  for  a 
general pow er law equ a tion  o f  state ( P j n a — c o n s ta n t)  w ill b e  derived . T h e  four possib le  
cases for the change o f  state and correspon d in g  change in  en tropy  are d escr ib ed  and an 
exam ple  o f  each is given . F ina lly  we consider h ow  this relates to  the e le c tron  equations o f  
state d iscussed  in C h apter  4 and  the ion  heating in C hapter 6 . It sh ou ld  b e  p o in ted  ou t 
that in  this section  a  is used for  the pow er law expon en t to  d istingu ish  it  fro m  7 , the ra tio  
o f  specific  heats . In C hapters 4 and 6 7 was used to  represent the exp on en t.
For a perfect gas with constant specific  heats the en tropy m ay b e  defined  as (L an d a u  
and L ifsh itz , 1958)
w here N  is the toted num ber o f  m olecu les, k is the B oltzm an n  constan t, cp is the specific  
heat per  m olecu le  at constant pressure, and So is a constant. I f  we m ake use o f  the 
defin itions k — cp -  cv where cv is the specific  heat at constant vo lu m e, 7  =  cp/cv , and 
P  =  n k T ,  then  the ab ove expressions can be  redu ced  to  the fo llow in g  fo rm
For an  idea l gas 7  =  5 /3 . In general, for a real 3 -d im ensiona l gas the value lies in  the range 
1 <  7 <  5 /3  (P r iest, 1982, p . 84). T h e  lim iting  value o f  7  =  1 w ou ld  on ly  be  reached  
for m olecu les  w ith  an in fin ite num ber o f  degrees o f  freedom . W e shall lim it ourselves to  
the specia l case o f  an ideal gas and let 7  =  5 /3  for the defin ition  o f  the en tropy . T h is  
is app lica b le  to  th e  solar w ind  since a fu lly  ion ized  h ydrogen  p lasm a has on ly  the three 
tran sla tion al degrees o f  freed om  per particle .
5  =  (A fc ) lo g  P  +  (JVcp) log  fcT +  5o ( B l )
(B 2 ).
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W e can  use the ab ove  equation  to  ob ta in  in form a tion  a b ou t a gas undergoing  a change 
o f  s ta te . I f  the change o f  state can be  characterized  b y  a generalized  pow er law , P  =  C o n a , 
then  we m ay w rite  an expression  for the change in en tropy  as
A S  — S2 -  Si =  ~ ( a  ~  5 /3 )  log  (B 3 ).
T h is  leads to  fou r  p ossib le  cases for changes in the en tropy  depend ing  on  w hether the 
density  has in crea sed  or decreased  and  w hether the expon en t is greater or less than  5 /3 . 
T h e  en tropy  change for the for cases are listed  in T able B .
Table B Entropy Changes for Power Law Equation o f State
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n 2 /n i  >  0 n 2/n i  <  0
a  >  5 /3 A S  >  0 A S  <  0
a  <  5 /3 A S  <  0 A S  >  0
F or the specia l case o f  a  =  5 /3 , then  there is no change in the en tropy  and we have the 
usual is en trop ic-a d iab atic  equation  o f  state.
It shou ld  b e  n oted  here that it is n ot being  suggested  that the to ta l en tropy  o f  a 
system  m ay b e  decreased . W e on ly  exam ine the changes o f  state o f  a gas in a defined 
region  o f  space. It is n ot specified  h ow  the changes are to  take p la ce, on ly  that they do. 
T h e  change o f  sta te  cou ld  b e  accom plish ed  by  work be in g  done to  or b y  the gas, as well 
as by  heat flow  in and ou t o f  the vo lu m e. A s alw ays, the second  law o f  th erm odyna m ics 
can n ot b e  v io la ted .
T o  help illustrate the en tropy changes descr ib ed  ab ove , an exam ple  dem onstrating  
each  o f  the ab ove  four cases is given . Since the th erm od yna m ic  quantities defin ing the 
final state o f  the gas are independent o f  the process  b y  w hich  that state is ach ieved , we 
need  on ly  to  find  a process that satisfies the desired change o f  state.
A )  For a com pression  w ith a  >  5 /3 , let us consider how  a transition  produ cin g  
P 2 =  C o n “  m ight b e  brought ab ou t. F irst, we com press the gas adiabatically
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so that P 2 =  C qtl^ 3 <  C o n j . N ow  to  further increase P 2 so that P 2 =  C on 2 (at 
constant vo lu m e) we m ust add  heat ( Q ) to  the gas and  the en tropy  will increase 
b y  A S =
B ) A n  exam ple  o f  this case is the isotherm al (ct =  1) com pression  o f  the gas. T o 
a ccom plish  an isoth erm al com pression  we com press the gas ad iab atically  so that 
P 2 =  C 0U j/3 >  C qti2 . T o reach the desired final state heat m ust b e  rem oved  from  
the gas so the en tropy  o f  the gas decreases.
C ) T o  ob ta in  an ex p an sion  w ith  a  >  5 /3  we first exp an d  the gas ad iabatically  to
ob ta in  P 2 =  C q tiJ *  <  Cqti2 . N ow  w ith  the vo lu m e constan t we m ust add  heat to
get P 2 =  C 0 n%.
D ) A  classical exam ple  o f  this case is the free expan sion  o f  a gas in*o a vacuum . T h is  
is an a d iab atic -isoth erm a l expansion  in w h ich  the en tropy  increases.
W e shall n ow  consider h ow  this relates to the electron  equ a tion  o f  state. T h e  isotrop ic - 
ad iab atic  equation  o f  sta te  is given by
P / n 5/3 =  co n s ta n t  (B 4 )
w h ich  expresses conservation  o f  entropy. I f  we take the cub e  o f  this equ a tion  and let
P 3 =  P 3 P|| ( t °  reflect tw o degrees o f  freedom  for the p erp en d icu lar  d irection  and one for 
the paralle l) it m a y  w ritten  as
P 2 Pn
x 5 =  c o n s ta n t  (B 5 ).
N ow  i f  w e requ ire  that the m agnetic  m om ent be  conserved  we arrive at the C G L  equation  
o f  sta te  (p resen ted  in C h apter  4 ). Thus the C G L  equ a tion  o f  state preserves b o th  the 
m a gnetic  m om en t and  en tropy  o f  the electrons. T h e  m od ifica tion  to  get the C C G L  equation  
is to  allow  the e lectron s to  b e  isotherm al along the m a gnetic  field  d irection . Thus the C C G L  
e qu a tion  represents a loss o f  en tropy for the electrons.
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In  the case o f  the ion s, the analysis o f  C hapter 6 and the results ab ove  show  us where 
the en tropy  p ro d u c tio n  (a n d  hen ce  the energy d issipa tion ) o ccu rs . O f  the tw o stages o f  
heating d escr ib ed , the greatest en tropy  p rod u ction  o ccu rs d u ring  the first stage in the 
u pstrea m  region  (ex cep t  for very low  M ach  n um ber, M A <  1 .5 ). In  general the en tropy  
p ro d u c tio n  precedes the com pression  in the shock . It shou ld  b e  p o in ted  ou t here that 
since the en tropy  m ay b e  defined  in term s o f  the loga rith m  o f  the tem peratu re , it is the 
tem peratu re  ratio  that determ ines the degree o f  en tropy  change. In  term s o f  heating , since 
d Q  =  C d T  (w here C  is usually  the specific  heat and m ay b e  p rocess  dep en d an t) it is the 
tem peratu re  difference betw een  tw o states that determ ines the degree o f  heating  that has 
o ccu rred .
116
R e p ro d u ce d  with p e rm issio n  of the copyright owner. Fu rth e r repro du ction prohibited without perm ission .
Appendix C Test Particle Calculations
In  this ap p en d ix  we shall consider the results o f  the in teraction  o f charged  particles 
in cident u p on  various m a gnetic  fie ld  structures. T h e  in tent o f  this section  is to  d em on ­
strate  how  a su bstantia l am ount o f  ‘h ea tin g ’ can  be  a ccom p lish ed  in  a collision less p la sm a 
by  sim ple d iscrete p a rtic le  effects w ith in  the fin ite larm or radius lim it. T h e  m otiv e  for 
exam in ing  this p ro b le m  is that sh ock  waves in  m a gnetized  p lasm as are genera lly  a c c o m ­
pan ied  by  w avetrains as w ell as a sudden  increase in the m a gnetic  field m a gn itu de . A  set 
o f  equations w ill b e  derived  w h ich  pred ict the resultant ve loc ities  o f  a  particle  a fter en ­
coun ter in g  a d iscon tin u ity  in  the m a gnetic  field . T h e  veloc ities  are d isp layed  as fu nction s 
o f  9 b , the angle betw een  the m a gnetic  field  vectors on  the up  and  d ow nstream  sides o f  
the d iscontinuity . It w ill be  show n that a c ritica l angle (9 b  — 9r ) exists a b ove  w h ich  p ar­
ticles are reflected  at the discontinu ity . Test p article  ca lcu lations will b e  used to  confirm  
the results o f  the m o d e l and  then  exam ine the effects o f  h aving  a ‘ d iscon tin u ity ’ o f  finite 
th ickness. T h en  the test partic le  ca lcu la tions w ill b e  e x ten d ed  to  exam ine the results o f  
h aving  a d istr ibu tion  o f  therm al particles and  in c lu d in g  a precu rsor  wave in  the m a gnetic  
fields.
Th is  w ork is sim ilar to  that done b y  Lee e t al. (1 9 8 6 ). T h ey  consider the tem p era ­
ture rise across a d iscon tin u ity  un der  cond ition s app rop ria te  to  oblique shocks w here the 
angle betw een  the sh ock  n orm al and  the m a gnetic  field  is large (9 Sn >  5 0 °) . W h a t is 
considered  here is appropria te  to  the geom etry  o f  quasi-parallel shocks w here 0 Bn ~  0 ). 
T h is  d ifference is im p orta n t for  the accessib ility  o f  the u pstrea m  region  to  partic les  that 
have encountered  the discontinu ity . I f  the reader wishes to  com p are  the results, n o te  that 
L ee e t al. (19 86 ) p lo t  the ra tio  o f  the dow n stream  therm al energy  to  the u p strea m  kinetic  
energy (T 2 /E i =  V ± 2 / V 2), w hereas here Vj|,j.2 /V i  is p lo tted .
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T h e prob lem  to  b e  considered  here is the m otion  o f  a charged  partic le  in cident 
u p on  a discontinu ity  in the m agnetic  field. T h e  partic le  is in itia lly  traveling parallel 
to  the m agnetic  field  w hich  at som e p o in t experiences a d iscontinuous change in d irec­
tion  and m agnitude. Initially, B  -  B i (0 , 0 ,1 ) ,  V  =  V i ( 0 ,0 , l ) ,  for  z <  0. T h e  d is­
continuity  lies in the x -y  p lane at z  =  0. A t and  b e y o n d  the d iscon tin u ity  ( z >  0)
B  — ( B x , 0 , B z ) =  B\ ( t a n (0 s ) ,  0 ,1 ) .  T h e  z -com p on ent o f  the m a gnetic  field  is held con ­
stant. T h e  geom etry  is show n in F igure C l . l .  F igure C l . l a  show s the d irection  and density 
o f  m a gnetic  field lines on  either side o f  the d iscontinuity . F igure C l . l b  show s the co m p o ­
nents o f  the v e loc ity  perpen d icu lar  and parallel to  the m a gnetic  fie ld  at the d iscontinu ity  
and the com ponen ts o f  the gyro-radius in  the dow n stream  region  (in  the x - z  p la n e ). Figure 
C l . l c  shows typ ica l tra jector ies  o f  a transm itted  and  reflected  particle .
A t the instant the discontinu ity  is traversed, the veloc ities  parallel and  perpen d icu lar  
to  the d ow nstream  m agnetic  field  are given  by
Vi|| =  Vi cos 9b  ( C l a )
V2 X = V i s i n  e B ( C l b )
A t this p o in t in tim e, the p erpend icu lar velocity  has com p onen ts in the — x  and i  d irections 
so the in itial gyra tion a l m otion  along z is in the pos itive  d irection . A ssu m in g  the particle  
rem ains in the dow n stream  region , it w ill gyrate ba ck  a m a x im u m  d ista n ce  in  the - z  
d irection  after 3 /4  o f  the gyT o-period , A t  =  (3/4 )(2vr/S T2) w here =  e B / m c  is the gyro- 
frequency. This is becau se  in itially  the z  c om p onen t o f  the gyra tion a l m otion  is positive 
and the z -com p on en t o f  the guid ing center m otion  is always p os itive  as lon g  as z  >  0. 
D uring  the first cyc le , when the z -com p on en t o f  the g y ro -m otion  is n egative, i f  the particle  
re-encounters the discontinu ity  it will pass th rough  and continue on  in to  the upstream  
region . T h e  m a x im u m  value o f  the z-com p on en t o f  the gyro -rad iu s is (see F igure 1.1b )
V> i V,
r z =  —  sin dB =  —  sin2 9B (C 2 ).
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F i g u r e  C l . l  a) R ep resen ta tion  o f  the m a gn etic  fie ld  lines w ith  a 
d iscon tin u ity  in  the x - y  p la ne  at z  =  0. b )  G eom etry  o f  the d iscon ti­
n u ity  in  the m a gnetic  fie ld , c )  T y p ic a l tra je cto r ie s  o f  a tran sm itted  
an d  re flected  p artic le  p ro je c te d  u p o n  the y -z  p lane.
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T h e z -com p on en t o f  the guid ing center displacem ent is
A z  =  (A t )V 2| cos dB =  (A t )V i  cos2 0 B (C 3 ).
E qu a tin g  the m a x im u m  o f  the z -com p on ent o f  the gyro -rad iu s, r z , to  the d isp la cem ent, A z, 
due to  the gu ic in g  center m otion  along the z  axis during this tim e in terval ( A t  =  3 x / f l 2 ,  
then  we get a re la tion  defining a critica l angle dB above w hich  particles w ill be  reflected.
ta n 2 =  y  or 0B =  65 .27° (C 4 ).
P articles  are transm itted  i f  0B <  dB and reflected  i f  dB >  &B . P articles get reflected  be­
cause th ey  re-encounter the d iscontinu ity  w ith  Vz <  0 w ithin  the first orb it. I f  the p article  
does n ot re-en coun ter  the d iscontinuity  it will continue to  m ove along the dow n stream  m a g ­
n etic  field . F igure C l . l b  shows typ ica l tra jectories o f  a tran sm itted  and reflected  particle  
in  the y -z  p lane.
T h e  m agnitude o f  the parallel and p erpend icu lar velocities o f  tran sm itted  particles 
are g iven  b y  equations C la  and  b. T o  determ ine the velocities o f  the re flected  particles we 
m ust fin d  the tim e at w hich  the d iscontinuity  is re-en coun tered  and the p a rtic les ’ velocities 
at th a t tim e. T o define the tim e we equate the disp lacem ent due to  the z -com p on en t o f  the 
g u id in g  center m otion  to  the z-com pon ent o f  the gyro -rad iu s and n ote  that the encounter 
w ill o c cu r  betw een  ir /f2 2 <  A t <  3 ir /2 f22 yielding
s in l f i j A l )  (C 5 )
For a fixed  value o f  dB) this expression  can  be  solved  num erically  to  find  n 2A*- N ow  we 
need  to  find the p article  v e loc ity  com ponents at th is tim e. T h ey  are o b ta in ed  from
K l =  V\ sin0B  { ( - *  cos 9B +  z sin 8 B ) c o s ( f l2A t )  +  y s i n ^ A t ) }  (C 6 a )
Vj| =  Vi cos 9b  ( z  sin 6 B +  z cos 0 b )  (C 6 b ).
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T h e resulting  p erp en d icu lar  and parallel veloc ities  in  the u pstrea m  region  w ill then  be
Vjl =  Vi s in 9B { c o s 2 9 b  (1 -  c o s (f2 2A t ) )  +  sin2( f l 2A t ) } 1 2^ (C 7 a )
Vj| =  Vi (co s2 e B +  sin2 e B cos(f22A t ) )  (C 7 b ).
In  F igure C l .2 a  and b  the m agnitude o f  the paralle l an d  p erp en d icu lar  velocities  are 
p lo tte d  as a fu n ction  o f  the angle 9B T h e  lines represent the an a lytic  results given  above 
and  the sym b ols  Eire the results o f  test partic le  ca lcu lations. T h e  d iscontinu ity  in the 
ve loc ities  is the p o in t at w h ich  particles  get reflected  and the parallel ve loc ity  becom es  
n egative for 0B >  9r . O ne can  see from  the figure that the tw o results m a tch  very well. It 
sh ou ld  b e  n o ted  how ever that the test partic le  ca lcu la tions in d icated  a re flection  angle o f  
9r — 65 .8 ° w hereas the ana lytic  result y ie ld ed  65 .3 °. T h is sm all d iscrepa ncy  is m ost likely 
due to  the fin ite size o f  the tim e step  for the p artic le  ca lcu lations.
N ext we consider  the effect o f  the fin ite  w id th  (L d )  o f  the ‘ d iscon tin u ity ’ . F igure C l . 3 
show s the sam e results as p lo tte d  in F igure C l .2  b u t for d ifferent w id th s o f  the d iscontinuity . 
B o th  parallel (d e n o te d  by  solid  lines and circ les) and p erp en d icu lar  (d en o ted  b y  dashed 
lines and  triangles) veloc ities  are p la ced  on  the sam e p lot. T h e  d iscontinu ity  is fo rm ed  by 
f ittin g  the values on  b o th  sides w ith  a h y p erb o lic  tangent w hose argum ent is norm alized  
to  the desired  w id th . T h e  lengths are in  un its o f  the upstrea m  stream ing  gyro-rad ius 
( r ,  =  V i / f l x). T h e  figure shows the e x p e cte d  result. A s the d iscontinu ity  w idens the 
p a rtic le  flow  b ecom es  m ore field aligned  and the re flection  angle m oves tow ards 90 °.
Figure C l .3 a  show s the fo rm  for all cases w here L 4 r ,  as lon g  as the tim estep 
satisfies Vi A t  L  so the p article  sam ples m a ny po in ts  a lon g  the d iscontinu ity . I f  the 
con d it ion  V\ A t  Ld then  the particles do  n o t  sam ple a lon g  the d iscontinu ity  an d  the 
figure w ou ld  look  sim ilar to  a true d iscon tin u ity  as in  F igure C l .2 .  F igure C l . 3d  shows
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Theta (degrees)
Theta (degrees)
F i g u r e  C l . 2  M a g n itu d e  o f  the a) paralle l and  b )  p erp en d icu lar  
ve lo c itie s  re la tive  to  th e  lo c a l m a gnetic  field . T h e  lines are fro m  the 
a n a ly tic  so lu tion s  (eqns. C 6 a  and b )  an d  th e  sym b o ls  are the results 
o f  test par tic le  ca lcu la tion s .
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Test Particle Results
123
F i g u r e  C l . 3 P lo ts  o f  the results o f  test p artic le  ca lcu lations o f  the in teraction
w ith  a ‘ d is co n tin u ity ’ o f  fin ite  w id th . P lo t te d  Eire the m a gn itu d e  o f  the parallel amd 
perpendiculE ir v e lo c it ie s  eis fu n ction s  o f  the change in the m a gn etic  fie ld  single. T h e  
w id th s con s id ered , in units o f  the stream ing  g yro -rad iu s  r 3 =  V j / f l i ,  Eire a) 0 .1 , 
b )  0 .5 , c )  1.0, a n d  d ) 5 .0 . C ircles  amd the so lid  lines represent the para lle l ve lo c ity  
w hile  triaingles an d  dashed  lines are used for  the p erp en d icu la r  ve loc ity .
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th e  fo rm  for all cases where Ld >  r , .  In this case the field  line curvature is gra dual so 
particles  can  fo llow  the m agnetic  field.
T hese results show  that considerable  heating o f  a p lasm a m ay b e  accom plish ed  by 
the in teraction  w ith  a discontinu ity  in the m agnetic  field. In  the idea l case o f  a  perfect 
d iscontinu ity , V jx  > for 9B >  45° and particles get reflected  for 9 g  >  9r ss 65 °. For 
a ‘ d iscon tin u ity ’ w hose thickness is Ld £  r ,  considerable  heating is still ach ieved  but less 
th a n  for the idea l case. For L >  r ,  the particles behave ad iab atica lly  and virtually  n o 
h eatin g  occu rs . T h e  particles Eire able to  flow  parallel to  the m a gnetic  and n o  particles 
get reflected . T h ese  test particle  results d o  exclu de sm all range o f  angles 9B as 90° since 
r o u n d o ff  errors b e co m e  large for the m od e l used. T h e  last p o in t p lo tte d  in the figures is 
9 b  =  89.9.
N ow  the test partic le  ca lcu lations are exten ded  to exam ine a d istr ibu tion  o f  therm al 
particles . For these ca lcu lations we fix 9S =  50° and vary the w id th  from  L d =  O .lp , to 
Ld  =  10.Op,. T en  phase angles are used  and the calcu lations are done w ith  in itia l therm al 
ve loc ities  o f  Vth =  O .IVi in  Figures C l .4 a  and b  and Vth =  0.5Vi in  F igures C l .4 c  and d. 
P lo t te d  in F igure C l .4 are the final parallel and perpen d icu lar  veloc ities  as a fu n ction  o f  
the w id th  o f  the d iscon tin u ity  {Ld)-  T h e  sym bols Eire the average over all phase angles and 
the error bars represent the range o f  values obta in ed . T h is  show s that the partic les  have 
Ein increase in p erpen d icu lar  velocities on ly when the w id th  o f  the d iscontinu ity  is sm all. 
T h e  pEirallel and p erpen d icu lar  ve loc ities  are spread over a b roa d  range on ly  for a h otter  
d istr ibu tion  o f  pEirticles.
The model is now again extended by adding a right-hEind polsirized precursor wave 
field to the discontinuity to more accurately represent the observed structure o f the quasi- 
psiTEillel collisionless shock. The waves increase in sunplitude linearly as the discontinuity 
is approached from the upstream side and then the Eimplitude is attenuated exponentially 
beyond the discontinuity. The wavelength is set to be equal to the width o f the discontinuity
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K / p ,
F i g u r e  C 1 .4  R esu lts  o f  test p a rtic le  ca lcu lations for a d is tr ib u tion  o f  therm al 
p a rtic le s  o n  a d iscon tin u ity . T h e  fineil parallel and  p erp en d icu la r  v e loc ities  are 
p lo t te d  as a fu n ction  o f  the w idth  o f  the d iscontinu ity . T h e  in itia l th erm al ve loc ities  
are O .lV i in  a) an d  b )  and  0.5Vi in  c )  and  d ) . T h e  the sy m b o l is the average over 
a ll ph ase angles and  the error bars represent the range o f  values.
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F i g u r e  C l . 5 Sam e as F igure C l .4  bu t in  this case a right h an d  
c ircu lar ly  p o la r iz ed  w ave tra in  has b een  a d d ed  to  the m a gnetic  fie ld  
u p strea m  o f  the ram p . T h e  in itia l therm al velocities are O .lF j in  a) 
an d  b )  a n d  0.5V i in  c )  and d ) .
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(L d )  and  the am plitu de  at the ram p  is equ a l to  the dow n stream  B x . T h e  m a gnetic  field 
stru ctu re  is very sim ilar to  that seen in F igure 3.2 b u t the waves are purely  s inusoidal 
and noise  free. F igure C l .5 shows the resultant ve loc ities  from  using this m a gnetic  field 
s tructure. O ne can  see that considera b ly  m ore scatter in g  o f  the particles o ccu rs  for all 
w idths. T h e  ca lcu la tion  was also perform ed  w ith  the wave fields w ithou t the d iscontinu ity  
present. T h en  the ve lo c ity  scatter was less than for the d iscontinu ity  w ithou t the wave 
fields.
T h ere  are som e im portan t poin ts to  consider in  relating  this m od e l to  the ion  h ea t­
ing  th at can  b e  a ccom p lish ed  at a shock due to  the m a gnetic  field  structures. F rom  the 
sta n dp oin t o f  c o ld  n on -in tera ctin g  test particles  traveling  in  a fixed  m agnetic  fie ld , the re­
su lting  u pstrea m  or  dow n stream  distr ibu tion s w ou ld  b e  gyro -ph ase  b u n d le d  and w ou ld  n ot 
necessarily  exh ib it a significant increase in tem peratu re . T h e  phase angle for the p erp en ­
d icu lar ve lo c ity  com p on en t shou ld  also b e  fa irly  ra n d om  for  the d ow nstream  d istribu tion .
In  F igure C l . 6 the phase angles for  the tr a je cto r y  results show n in F igures C l .4  and C l .5  
are p lo tted . F igure C l .6 a  show s that the coo le r  particles  in cident on  a ram p  are h igh ly  
g yro -p h ase  bu n ch ed  for Ld <  2 and are tran sm itted  m ostly  u n d istu rb ed  for Ld greater 
than  th at . F igure C l .6 b  show s sim ilar results for the h o tte r  particles bu t here the spread 
in  phase is greater an d  the break poin t is near L d =  1. F igures C l .6 c  and d show that when 
the wave fields are ad d ed  that the phase angle bu n ch in g  is is pushed  to  sm aller Ld b u t has 
n ot o therw ise a ltered  m uch. It shou ld  b e  p o in ted  ou t that in  the ca lcu lation  n o  therm al 
com p on en t was ad d ed  to  the parallel ve locity . D o in g  so  w ou ld  b e  equivalent to  averaging 
over a range o f  so a num ber o f  the gyro -p h ase  bu n ch ed  clum ps seen in F igure C l .6 c  
w ou ld  b e  averaged togeth er  resulting in a m ore  u n ifo rm  d istr ibu tion  over all.
It from  these results it appears that the tim e indepen den t m agnetic  field  m od e l com ­
b in in g  the d iscon tin u ity  w ith  the upstrea m  w ave fie ld  can  lead  to  a substantia l am ount o f  
heatin g  i f  the w id th  is greater than  the stream ing  gyro -rad iu s. For L d less than this the
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F i g u r e  C l . 6 P hase angles for the t r a je c to r y  results d isp la yed  in 
F igures C l . 4 an d  C l . 5. a) co rrespon d s  t o  C l .4 a  an d  b , b )  to  C l .4 c  
an d  d, c )  to  C l .5 a  and  b , and  d ) to  C l .5 c  an d  d . T h e  ph ase  angles 
are p lo t te d  for ten  partic les  at each  value o f  Ld-
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p erpen d icu lar  ve lo c ity  increases considerably  if  in itia lly  sm all or the velocities  are spread 
i f  they  are in itia lly  h o t . H ow ever, they tend to  b e  gyro -ph ase  bu n ch ed  w hich  is n ot true 
heating  for the case o f  c o ld  particles. I f  the particles them selves were a llow ed to  interact 
th rough  the e lectrom a gn etic  fields then  a gyro-ph ase bu n ch ed  d istribu tion  w ou ld  likely be 
u nstab le . U nstable  wave grow th  w ou ld  result in phase m ix in g  and further therm alization  
o f  the d istr ibu tion . A n oth er  likely con trib u tor  to  gyro -p h ase  m ix ing  is tim e dependant 
effects and turbu lent ty p e  inhom ogeneities that will b e  present in  the sim ulation  and  in 
true shocks. T h a t these irregularities are m ore ev ident at higher M ach  num bers where 
they  seem  to  b e  requ ired  (since L j  is sm aller) is reasonab le .
In sum m ary , it has been  dem on strated  that the tim e independent m a croscop ic  struc­
ture o f  the m a gnetic  fields o f  the quasi-parallel collision less shock wave is such  that the 
in teraction  o f  particles  w ith  it results in a significant am oun t o f  heating. A n y  add itional 
tim e dependant b eh a v ior  in the m agnetic  fields shou ld  on ly  add  to  the scattering  that the 
particles experience . Thus one does not need to  invoke m icro-in sta bilities  to  accoun t for 
the d issipation  in the sh ock  even though  they m ay play a role  in d eterm in ing  the com plete  
structure.
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